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ABSTRACT 
 Biosurfactants, which are produced from microorganisms, have become of 
interest due to their non-toxic nature, their biodegradability and their production from 
renewable resources. Research has evaluated the use of biosurfactants in a wide 
variety of potential applications such as environmental bioremediation, biomedical 
applications, cosmetics, personal care products and perfume and fragrance industry. 
However, limited research has evaluated microemulsion formulations using 
biosurfactants. Microemulsions are thermodynamically stable dispersions of oil and 
water stabilized by surfactant films. Microemulsions possess ultralow interfacial 
tension and high solubilization capacity, making them desirable in enhanced oil 
recovery, drug delivery, cosmetic and pharmaceutical applications. Therefore, in this 
work we characterized the hydrophobicity/hydrophilicity of biosurfactants, 
specifically rhamnolipid and sophorolipid biosurfactant, and evaluated their ability to 
formulate alcohol-free microemulsions with a range of oils (both oil types and oil 
EACNs). We also demonstrated the feasibility of vegetable oil extraction using diesel-
based reverse micellar microemulsion; as a result, blends of diesel and vegetable oil 
were produced and evaluated for biofuel used in diesel engines. Biocompatible 
lecithin-based microemulsions using rhamnolipid and sophorolipid biosurfactants 
formulated with limonene and isopropyl myristate were shown to be insensitive to 
temperature and salinity changes, making them desirable in cosmetic and drug 
delivery applications. In addition, this work showed that the hexadecane detergency 
xiv 
 
performance of our biocompatible formulation was better than that of commercial 
detergency and comparable to formulations reported in the literature. 
1 
 
CHAPTER 1 
Introduction 
 The surfactant industry has recently exceeded US $9 billion a year, and the 
demand for surfactants is still increasing [1, 2] due to their potential for application in 
a wide variety of industries. The surfactants currently in widespread use are mostly 
synthetic petroleum-based surfactants. There has been growing interest in 
biosurfactants to replace synthetic surfactants due to their relatively non-toxic and 
biodegradable properties, their diversity and their production from renewable 
resources.  
 Biosurfactants are produced from microorganisms with diverse structures such 
as glycolipids, phospholipids, polysaccharide-lipid complexes and lipopeptides [3, 4]. 
Biosurfactants have been evaluated as potentials in various applications such as 
environmental bioremediation, removal of heavy metals from contaminated soil, 
biomedical applications [5-7], cosmetics and personal care products [8] and in the 
perfume and fragrance industry [9]. However, none of these studies applied the use of 
biosurfactants in microemulsion form. Therefore, this dissertation explores the use of 
biosurfactants in formulating microemulsions which can be used in different 
applications. 
 Microemulsions are thermodynamically stable dispersions of oil and water 
stabilized by surfactant films [10], which makes them desirable in enhanced oil 
recovery (EOR), drug delivery, cosmetic and pharmaceutical applications [1, 11, 12]. 
These applications take advantage of the ultralow interfacial tension property and high 
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solubilization capacity of microemulsions [13]. Microemulsions can exist in four 
forms, known as Winsor Type microemulsions [10, 14]. Type I and Type II 
microemulsions exhibit two phase systems. Type I microemulsion solubilizes oil in 
spherical normal micelles within the water-continuous phase while Type II 
microemulsion solubilizes water in reverse micelles within the oil-continuous phase. 
Type III microemulsion is three-phase system in which the middle phase 
microemulsion is in equilibrium with the excess oil and excess water phases. As the 
surfactant concentration increases, the volume of the middle phase microemulsion 
increases until the surfactant concentration is high enough to solubilize all the excess 
oil and excess water into a single phase microemulsion system, known as Type IV 
microemulsion.  
 Limited studies have evaluated biosurfactant-based microemulsions, with the 
addition of alcohols being necessary to form microemulsions [15, 16]. The framework 
of this dissertation is divided into two areas: (1) characterizing biosurfactants, 
specifically rhamnolipid and sophorolipid biosurfactants, by their 
hydrophobicity/hydrophilicity and evaluating their ability in formulating 
microemulsions without the aid of alcohol; and (2) evaluating the performance of 
biosurfactant-based microemulsions in many applications such as vegetable oil 
extraction, cosmetics, drug delivery and detergency.  Chapters 2 and 3 report on 
studies of rhamnolipid biosurfactant while chapters 4 and 5 focus on the study of 
sophorolipid biosurfactants and application of biosurfactant-based microemulsions.  
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 In the first study of rhamnolipid (Chapter 2), rhamnolipid biosurfactant was 
found to be relatively hydrophilic and its ability to formulate microemulsions with a 
wide range of petroleum-based n-alkane oils was evaluated in mixtures with synthetic 
surfactants. Further studies reported in Chapter 3 confirmed the finding of the 
hydrophilicity of rhamnolipid from Chapter 2 and were able to replace synthetic 
surfactants with biorenewable surfactants in forming microemulsions with different 
kinds of oils (limonene and diesel). Next the research was extended to the study of 
sophorolipid biosurfactants in Chapter 4 with more fundamental characterization in 
Chapter 5. Both of these last chapters evaluated the application of biosurfactant-based 
microemulsions. Chapter 4 proposed a new approach to vegetable oil extraction using 
diesel-based reverse micellar microemulsions to produce vegetable oil/diesel blends 
for biodiesel application and successfully demonstrated the high oil extraction 
efficiency obtained with this extraction method. Chapter 5 investigated the potentials 
of biocompatible lecithin-based microemulsions in cosmetic and drug delivery 
applications. Chapter 5 also demonstrated the detergency power of the biosurfactant 
formulations on hexadecane removal. 
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CHAPTER 2 
Rhamnolipid Biosurfactant Mixtures for Environmental Remediation1 
 
Abstract 
This study investigated the efficiency of rhamnolipid biosurfactant and 
synthetic surfactant mixtures for improving the interfacial activity of the surfactant 
system against several light non-aqueous-phase liquids (LNAPLs). Since the 
rhamnolipid biosurfactant proved to be relatively hydrophilic, we hypothesized that 
mixtures of rhamnolipid biosurfactants with more hydrophobic synthetic surfactants 
would produce lower interfacial tensions (IFTs) than an individual rhamnolipid 
biosurfactant. The minimum IFT observed for rhamnolipid alone and toluene (0.03 
mN/m) was one order of magnitude lower than for hexane, decane, and hexadecane, 
demonstrating the relatively hydrophilic nature of the rhamnolipid. The low IFTs even 
at the low surfactant concentration used suggest mobilization as the dominant oil-
removal mechanism versus supersolubilization. The critical micelle concentration 
(CMC) and critical microemulsion concentration (CµC) of the rhamnolipid were 
found to be 0.001 w/w% (0.019 mM) and 0.01 w/w% (0.19 mM), respectively. Three 
alkyl propoxylated (PO) sulfate synthetic surfactants were individually mixed with the 
rhamnolipid. As the hydrophobicity of the surfactant mixture approached that of the 
hydrocarbon, IFT values decreased by one to two orders of magnitude below that 
                                                           
1 This chapter or portions thereof has been published previously in Water Research under the title 
“Rhamnolipid Biosurfactant Mixtures for Environmental Remediation”, Water Research, 2008, 42, 
1735-1743. This current version has been formatted for this dissertation. 
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achieved with individual surfactants. This work shows that the rhamnolipid has 
excellent phase behavior at low concentrations and can be used in surfactant mixtures 
to achieve the low IFT values needed for environmental remediation, enhanced oil 
recovery (EOR), and other applications. 
 
Key words: biosurfactant, alkyl propoxylated sulfate surfactants, hydrophobicity, 
interfacial tension, petroleum hydrocarbons, environmental remediation 
 
Introduction 
Surfactants are amphiphilic molecules having both hydrophilic and 
hydrophobic moieties, which causes them to accumulate at the interface between 
immiscible fluid phases (e.g., oil/water or air/water interfaces) [1] and reduce the 
interfacial tension (IFT) [2]. Surfactants are categorized by their head groups as 
nonionic, anionic or cationic (negatively or positively charge), or amphoteric (both 
positive and negative charges) [3, 4]. 
Whereas synthetic surfactants are produced from petroleum feedstock, 
biosurfactants are produced from renewable resources. There are several types of 
substrates used for biosurfactant production such as water-soluble carbon sources 
(glycerol, glucose, and ethanol), water-immiscible substrates (n-alkanes and olive oil), 
and nitrogen sources (ammonium salts and urea) [2; 5]. Microorganisms produce 
biosurfactants with diverse structures including glycolipids, phospholipids, 
polysaccharide–lipid complexes, lipopeptides, and hydroxylated and cross-linked fatty 
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acids [4, 6]. While nonionic and anionic biosurfactants have been reported, cationic 
biosurfactants have not been found [7]. Biosurfactant head groups usually consist of 
mono-, di-, or polysaccharides, carboxylic acids, amino acids, or peptides. The 
hydrophobic tail can be saturated, unsaturated, or hydroxylated fatty acids. 
Biosurfactants are readily biodegradable, making them well suited for environmental 
and industrial applications [6, 8]. In addition, biosurfactant-based systems are 
biorenewable as compared with petroleum-based surfactants. However, to date, 
biosurfactants are more expensive with production costs of about 3–10 times higher 
than that of the chemical counterparts [9], making it critical to maximize the 
performance of biosurfactant-based systems.  
Above the critical micelle concentration (CMC), surfactant monomers 
aggregate to form micelles [1]. Many system properties remain unchanged above the 
CMC since additional surfactant forms micelles rather than increasing the surfactant 
aqueous activity [1, 4]. Depending on system properties, micellar configurations can 
be spherical; elongated, cylindrical, rod-like micelles; large, flat, lamellar micelles; 
and large vesicles. Micelle formation also plays an important role in understanding 
microemulsions. Microemulsions are thermodynamically stable emulsions that contain 
water and oil domains separated by surfactant films [1]. Microemulsions are used in 
enhanced oil recovery (EOR), drug delivery, cosmetic and pharmaceutical 
applications, and enhanced aquifer remediation [2, 10, 11]. These applications take 
advantage of a microemulsion’s ability to produce ultralow IFT values (< 0.1mN/m) 
[12]. 
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The concentration at which a microemulsion first forms is called the critical 
microemulsion concentration [1]. Microemulsions can exist in four forms. While Type 
I microemulsions solubilize oil into spherical, normal micelles within the water phase, 
Type II microemulsions solubilize water in reverse micelles, which occur in the oil 
phase. Type III microemulsions exhibit three phases, excess oil and water phases and a 
bicontinuous phase. Type III (middle-phase) microemulsions occur when lamellar 
micelles are formed in the system [13]. In the presence of a low level of electrolyte 
(NaCl), ionic surfactant monomers aggregate and form spherical micelles (Type I 
microemulsions). As more electrolyte is added, the electrical double layer surrounding 
the ionic head group compresses and the micelle curvature decreases. With sufficient 
electrolyte, bilayer, lamellar micelles form with a net curvature of zero (Type III 
microemulsions). With additional electrolyte, the curvature becomes negative and 
reverse micelles are formed (Type II microemulsions) [12]. Conversely, for a middle-
phase microemulsion, increasing surfactant concentration causes the volume of the 
middle phase to increase until all the oil and water coexists in a Winsor Type IV single 
phase microemulsion [1]. 
Non-aqueous phase liquids are trapped in porous media by capillary forces due 
to high oil–water IFT. While micelles can enhance contaminant ‘‘solubility’’ 
(solubilization), this process is not nearly as efficient as mobilization, which results 
from greatly reducing the IFT, as possible with microemulsions, and thus release the 
trapped oil. This is why mobilization is the only technology evaluated in EOR, and is 
the preferred environmental technology for light non-aqueous phase liquids (LNAPLs) 
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such as petroleum hydrocarbons [14-17]. Thus, interfacial properties of the surfactant 
systems used play an important role in petroleum hydrocarbon remediation. 
Biosurfactant research has focused on the properties and behavior of individual 
biosurfactants (e.g., rhamnolipid) in the aqueous phase [18-20]. The current research 
has two main objectives: (1) to study the interfacial properties of the rhamnolipid 
biosurfactant against several hydrocarbons and (2) to determine the efficiency of using 
mixtures of rhamnolipid biosurfactant with synthetic surfactants to improve the 
interfacial properties of the surfactant system. Since rhamnolipid proves to be 
relatively hydrophilic, we hypothesize that mixtures of rhamnolipid biosurfactants 
with more hydrophobic synthetic surfactants will produce lower IFT, and that the 
hydrophobicity of the surfactant mixture needs to be tailored to that of the target 
hydrocarbon in order to achieve ultralow IFTs. By maximizing the effectiveness of 
biosurfactant-based systems in lowering oil–water IFT, and thus oil recovery, 
sustainable technologies can be developed using biorenewable materials, an ultimate 
goal of this research effort. 
 
Materials and Methods 
Materials  
The rhamnolipid biosurfactant JBR 515 (15 w/v %) was purchased from Jeneil 
Biosurfactant Co. (Saukville, Wisconsin). JBR 515 was originally received as a blend 
of 50 w/v% monorhamnolipid (C26H48O9, MW = 504, CMC = 10-4 M at neutral pH) 
and 50 w/v% dirhamnolipid (C32H58O13, MW = 650, CMC = 1.5 x 10-4 M at neutral 
11 
 
pH) [18-21] with no further alteration. It should be noted that these CMC values were 
reported at no added salt. JBR 515 has an average molecular weight of 577.  
 
Figure 2.1. Structures of the rhamnolipids: (a) monorhamnolipid (α-L-
rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate) and (b) dirhamnolipid (2-
O-α-L-rhamnopyranosyl- 
α-L-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate) (adapted from ref [4] 
and [18]). 
 
Both rhamnolipids present in JBR 515 are anionic and are produced by 
Pseudomonas aeruginosa. Rhamnolipid biosurfactants have two head groups and two 
identical hydrocarbon tails, as seen in Figure 2.1. The carboxylate group gives 
rhamnolipids their anionic character while the rhamnosyl groups (one and two groups 
for mono- and di-rhamnolipid, respectively) contribute to the bulky hydrophilic 
component of their structure. The hydrophobic tails are C8 alkyl chains. JBR 515 has 
been reported to have an HLB of 22–24 [21]. Rhamnolipids have been reported to be 
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biologically and environmentally compatible [20]. Throughout this paper we will refer 
to JBR 515 as rhamnolipid or rhamnolipid biosurfactant. 
The synthetic surfactants used were anionic alkyl propoxylated (PO) and alkyl 
propoxyl ethoxylated (EO) sulfate surfactants. These surfactants have intermediate 
polarity groups located between conventional hydrophilic (sulfate) and lipophilic 
(alkyl) groups [22]. The C12,13 alcohol PO sulfate surfactant with eight PO groups 
(C12,13–8PO–SO4Na, average MW = 713) and the C16 polypropylene oxide ether 
sulfate (C16–10.7PO–SO4Na, average MW = 1072, and C16–18PO–2EO–SO4Na, 
average MW = 1590.7) were donated by Sasol Chemical Co. and Huntsman Chemical 
Co., respectively. The HLB values of these synthetic surfactants are in the range of 
36–40. The CMCs of these synthetic surfactants were as low as the order of 10-6–10-4 
M [23]. 
Four hydrocarbons were used in this research: toluene, hexane, decane, and 
hexadecane. These hydrocarbons were chosen because they represent a range of 
properties (e.g., solubility, volatility) reflective of environmental contaminants (Table 
2.1). Toluene was obtained from J.T. Baker Analyzer Co. with 99.9% purity. Hexane, 
decane, and hexadecane were purchased from Sigma-Aldrich and each had 99.5% 
purity. These four hydrocarbons are constituents of petroleum hydrocarbons and 
represent a wide range of hydrophobicity or equivalent alkane carbon number 
(EACN), which is routinely used as a guideline for formulating effective 
microemulsion systems [24, 25]. Since benzene is known to have an EACN of 0, an 
EACN value of 1 is assigned to toluene [13], while hexane, decane, and hexadecane 
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by definition have EACN values of 6, 10, and 16, respectively [26]. Since petroleum 
hydrocarbons have an EACN of 7–8 and motor oil has a value of 19 [12], the four 
compounds studied represent a wide range of organic contaminants. Sodium chloride 
was used as the non-amphiphilic electrolyte. All the chemicals were used as purchased 
without further purification. 
 
Table 2.1. Properties of oils used 
Oils EACN Density Viscosity Aqueous solubility 
    (g/mL) (cPs) (%) 
Toluene 1 0.868 0.59 0.05 
Hexane 6 0.664 0.32 0.014 
Decane 10 0.728 0.92 Immiscible 
Hexadecane 16 0.776 3.3 Insoluble 
Note: All data were measured at 20oC unless otherwise stated and taken from MSDS of the 
chemicals 
 
Methods  
Interfacial measurement. The IFT between the aqueous surfactant solution and the oil 
phase was measured using glass capillary tubes and a spinning drop tensiometer 
(Model 500, University of Texas). The capillary tube was 2 mm in diameter and had a 
volume of 300 µL. An amount of 1–3 µL of hydrocarbon was injected into the tube 
filled with the surfactant solution. A more detailed description of the method can be 
found in Childs et al. [27]. Due to the procedure of measuring IFT, volatilization of 
the oils was negligible. All the measurements were done in triplicate at 25 ± 1 oC and 
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repeated if the coefficient of variation was greater than 10%. For dynamic IFT, 
measurements were made immediately after the components were added to the 
capillary tube (no pre-equilibration). For equilibrium values of IFT, the aqueous 
surfactant solution was mixed with the hydrocarbon and left to equilibrate for 2 weeks 
before the IFT between the excess aqueous phase and the excess oil phase was 
measured.  
Phase behavior. Phase behavior studies were conducted by placing equal volumes of 
the aqueous and hydrocarbon phases (5 mL of each phase) in 14 mL glass tubes 
(diameter of 13 mm) with Teflon® screw caps. The surfactant concentration was 
varied from 0.01 to 12w/w% (1.73x10-4–0.208 M). Most phase behavior studies were 
conducted at room temperature (23 ± 1 oC). The sample tubes were gently hand-
shaken for 1min once a day for the first 3 days, and then left to equilibrate for 2 weeks 
[26]. For temperatures other than 23 ± 1 oC, vials were placed in a water bath ( ± 1 
oC). The volume of the middle-phase microemulsion was determined by measuring its 
height in each tube using a ruler with a millimeter scale. The solubilization capacity is 
indicated by the solubilization parameter (SP), which is defined as the amount of oil 
(or water) solubilized in the microemulsion per unit mass of surfactant [11]. SP can be 
calculated by using the volume of the middle phase and the concentration of the 
surfactant in the middle phase as shown below [13]: 
      SP = 
 	
 ()


 ()
                            (2.1) 
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where SP is the solubilization parameter (mL oil/g surfactant), Vmiddle phase is the 
volume of oil in the middle phase (mL), and msurfactant is the mass of surfactant in the 
middle phase (g). In this study, we calculated the SP assuming that all the surfactant 
entered the middle phase as equilibrium was reached. All phase behavior systems were 
prepared in triplicate. Deionized water was used in all experiments. All experiments 
were conducted at neutral pH. 
 
Results and Discussion 
Interfacial behavior of rhamnolipid biosurfactants  
The interfacial behavior of rhamnolipid was first studied by the dynamic IFT 
values of the rhamnolipid at 0.01 w/w% as a function of electrolyte concentration (1–
20 w/w% depending on each system) for the four hydrocarbons. We chose to use 0.01 
w/w% concentration of the rhamnolipid because phase separation occurred with a 0.1 
w/w% rhamnolipid concentration at a salinity of 4 w/w%; at 0.01 w/w% rhamnolipid 
concentration, no phase separation occurred up to 6 w/w% salt. The results showed 
that the dynamic IFT for toluene (0.025 ± 0.0023 mN/m) was about one order of 
magnitude lower than the IFTs for hexane, decane, and hexadecane, which were 
higher than 0.5 mN/m and remained fairly constant regardless of the NaCl 
concentration in the range of 1 wt% to 6 wt%  (Figure A1, Appendix A). Since an 
ultralow IFT was obtained for toluene and not for the other more hydrophobic (higher 
EACN) oils, this indicates that the rhamnolipid was hydrophilic, e.g., it preferred the 
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water phase rather than the oil–water interface for the more hydrophobic oils. 
Therefore, we selected toluene for subsequent studies with rhamnolipid alone. 
 
Figure 2.2. Correlation between optimal salinity (S*) (□) and EACN as determined by 
optimum equilibrium IFT (IFT*) (▲). The rhamnolipid concentration was 0.1w/w% 
for all oils. Data points for IFTs represent the average from three to five 
measurements; error bars are included but at times are smaller than the data symbols. 
 
Figure 2.2 shows equilibrium IFT results for the rhamnolipid against the four 
hydrocarbons. In equilibrium IFT studies, it was possible to use higher salinities up to 
20w/w% since the rhamnolipid partitioned from the water to the hydrocarbon phase 
rather than phase separating as occurred during the dynamic IFT studies. Figure 2.2 
shows the correlation between the optimal salinity (S*, the salinity that gave the 
lowest IFT [25]) for the rhamnolipid versus the EACN of each hydrocarbon. The 
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salinity range was tested at 1 w/w% intervals. The optimal salinity increased as the 
EACN increased, which is consistent with the hydrophilic nature of the biosurfactant 
studied [24]. As the electrolyte (NaCl) was added to the ionic rhamnolipid solution, it 
reduced the electrical repulsion between the ionic head groups, causing the system net 
curvature to decrease towards zero where the optimal middle-phase microemulsion is 
achieved (the lowest IFT and highest SP) [1]. The S* increased with EACN, 
suggesting that more salt was required to force the ionic surfactant into the 
hydrocarbon–water interface. The lowest IFT was observed for the lowest optimal 
salinity—i.e., toluene with an EACN value of 1. This reflects the fact that the 
rhamnolipid is best matched to the toluene, and thus requires the least salt addition, 
and generates the lowest IFT. The extremely high values of S* reflect the very 
hydrophilic nature of this biosurfactant; these values are obviously much higher than 
desirable in application. As we demonstrate later, mixing these biosurfactants with 
more hydrophobic surfactants reduces the S*; this is a classical formulation technique 
for developing a desirable system. At the same time, it should be emphasized that the 
goal of this work is to evaluate the viability of using biosurfactant mixtures to improve 
system performance; future work will be necessary to build on these concepts and 
develop commercially viable systems, both from an economic and an optimum salinity 
perspective. 
Phase behavior of rhamnolipid biosurfactants with toluene  
Figure 2.3 summarizes the results of phase study for a series of salt scans with 
different rhamnolipid concentrations with toluene for two different temperatures (23 ± 
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1 and 55 ± 1 oC). The phase diagrams were generated by varying the salt concentration 
for a series of surfactant concentrations. The boundary of the phase diagram is shown 
as a line in Figure 2.3; this line connects all the points where a transition in 
microemulsion type was observed. The boundaries of the phase diagrams were drawn 
in solid and dashed lines for temperatures of 23 ± 1 and 55 ± 1 oC, respectively. 
Looking at the 23 ± 1 oC case (the phase diagram represented by the solid 
boundary) and for a fixed rhamnolipid concentration (e. g., 1 w/w%), the 
microemulsion transitioned from a Winsor Type I to III to II as the NaCl concentration 
increased. The IFT decreased to a minimum value of 0.023 ± 0.0012 mN/m as the 
salinity increased to 15 w/w% within the Type III region. The point at which the IFT 
between the middle phase and the excess water phase is the same as the IFT between 
the middle phase and the excess oil phase is called the optimum formulation, and the 
electrolyte concentration at this condition is called the optimal salinity (S*) [12]. 
While low IFT (≤ 0.1mN/m) was achieved within the three phase region, higher IFT 
values were observed in Winsor Type I and II regions (i. e., greater than 1 mN/m). At 
a fixed electrolyte concentration (e.g., 12 w/w%), the volume of the middle phase 
increased with increasing rhamnolipid concentration (e.g., the volume of the middle 
phase increased from 0.40 to 4.5 mL as the rhamnolipid concentration increased from 
0.5 to 5 w/w% at 12 w/w% salinity). When the surfactant concentration was high 
enough, above 10 w/w%, the middle phase incorporated all of the hydrocarbon and 
water phases into a single microemulsion phase (Winsor Type IV microemulsion). To 
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our knowledge, this is the first time a complete microemulsion phase diagram 
including a Winsor Type IV system has been reported for any biosurfactant. 
 
Figure 2.3. Phase diagram of rhamnolipid with toluene (CMC of 0.001 w/w%). The 
boundary lines (solid for 23 ± 1 oC; dashed for 55 ± 1 oC) connect all the points where 
a transition for microemulsion type was observed. The line labeled optimum salinity, 
which cuts through the interior of the phase diagram, corresponds to the optimum 
salinity at each surfactant concentration, as further studied in Figure 2.4. The phase 
diagrams were drawn based on averages of triplicate experiments. 
 
At the optimum formulation (S*), the solubilizations of the oil and of the water 
are equal and SP is at a maximum for a given condition [12]. The results showed that 
as the surfactant concentration increased, the SP increased at a fixed salt 
concentration. For a constant salinity of 12 w/w%, as the rhamnolipid concentration 
Optimum salinity 
line (23 oC) 
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increases from 0.1 to 0.5 to 1.0 w/w%, the SP increased from 5.53 to 6.64 to 7.75 
mL/g, respectively. The SP value at 1.0 w/w% surfactant and 12 w/w% NaCl was the 
highest observed SP value at this salinity, because it was the closest of the surfactant 
concentrations to the optimum salinity line (see Figure 2.3). 
Figure 2.3 also compares the phase behavior of rhamnolipid at two 
temperatures 23 ± 1 and at 55 ± 1 oC. Since rhamnolipid is an ionic surfactant, the 
temperature effect is expected to be very small [1]. Because of this, we chose to study 
a large temperature range. As seen in Figure 2.3, the two phase diagrams (23 and 55 ± 
1 oC) overlapped with each other over almost the entire range. Hence, even a wide 
temperature variation did not have a significant impact on the phase behavior of the 
rhamnolipid. Nonetheless, the shift, while minor, was towards lower salinity. This 
indicates that the biosurfactant became more hydrophobic at the higher temperature, 
which demonstrates that the nonionic rhamnosyl group(s) became less soluble at 
higher temperature, and thus required less salinity to form a middle-phase 
microemulsion. Nonetheless, we observe that smaller changes in salinity have a larger 
impact on phase behavior than this large temperature change. This result demonstrates 
that, even though rhamnolipid biosurfactant possesses both anionic and nonionic 
characters, the effect of salinity on the anionic character dominates that of temperature 
on the nonionic character.  
Figure 2.4 shows the IFT of rhamnolipid at optimal salinity for toluene as a 
function of increasing rhamnolipid concentration. Following the optimum salinity line 
21 
 
in Figure 2.3, the CMC was determined at a NaCl concentration of 14.5 w/w% to 
correspond with this point in the phase diagram. 
 
Figure 2.4. Optimum equilibrium IFT for toluene versus rhamnolipid concentration 
(below the CµC, salinity is constant at 14.5 w/w% as represented by vertical line in 
Figure 2.3; above the CµC, salinity varies to correspond to optimum salinity in the 
center of phase boundaries as represented by the slanted line in Figure 2.3). Data 
points represent the average from triplicate measurements, error bars are included but 
are at times smaller than the data points. 
 
The concentrations of the rhamnolipid where the first and second sharp 
reductions occurred in IFT are the CMC and CµC, respectively. The CMC and CµC 
for the rhamnolipid were 0.001 w/w% (or 1.9 x 10-5 M) and 0.01 w/w% (or 1.9 x 10-4 
M) at the salinity level of 14.5 w/w%, respectively. This CMC value is lower than the 
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reported values mentioned earlier because it was found at a much higher salinity (14.5 
w/w%) while reported CMC values were for no added salt. The CMC of the 
rhamnolipid is lower than the CMC of most conventional synthetic ionic surfactants 
(i.e., 8 x 10-3 M for sodium dodecyl sulfate) [1]. This lower CMC [4, 10, 18, 19] is due 
in part to the high salinity level added. However, as discussed above, this high salinity 
is used to demonstrate the hydrophilic properties of the rhamnolipid biosurfactant; 
additional work is required to develop a lower salinity system for application 
purposes. Nonetheless, the low CMC and CµC values are highly desirable, as low 
rhamnolipid concentration would be required to achieve ultralow IFT. 
Mixtures of rhamnolipid and synthetic surfactants  
As discussed earlier, the rhamnolipid IFT values for hexane, decane, and 
hexadecane were an order of magnitude higher than that for toluene. A hypothesis of 
this work is that, given the hydrophilic nature of rhamnolipid, mixing rhamnolipid 
with more hydrophobic synthetic surfactants will be able to produce lower IFT values 
for hydrophobic hydrocarbons by tuning the hydrophilicity and lipophilicity of the 
surfactant system to the EACN of the hydrocarbon. As an initial test of this 
hypothesis, we used synthetic surfactants that are more hydrophobic than rhamnolipid. 
The concentrations of these synthetic surfactants used in the mixtures were above their 
CMCs. Future work will seek to identify biosurfactants that are more hydrophobic to 
mix with the rhamnolipid, thus extending the biorenewable nature of the surfactant 
system.  
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Figure 2.5. IFT of mixtures of rhamnolipid and C12,13–8PO sulfate for toluene (♦), 
hexane (◊), decane (▲), and hexadecane (∆) at optimum salinity (S*) for each system. 
The total surfactant concentration was 0.1 w/w%. The IFT shown in this figure was 
the optimum IFT for each formulation. Data points represent the average from 
triplicate measurements, error bars are included but are at times smaller than the data 
points. 
 
The first synthetic surfactant tested was the alkyl PO sulfate surfactant 
(C12,13–8PO–SO4Na or C12,13–8PO). Based on its molecular structure, this 
surfactant has a hydrophobic characteristic due to the long hydrocarbon chain length 
(C12,13 versus C8 for rhamnolipid) and the presence of the PO groups which are 
slightly hydrophobic. We mixed rhamnolipid and C12,13–8PO in different ratios 
(from 0% to 100% rhamnolipid in the mixture) while maintaining a constant total 
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surfactant concentration of 0.1 w/w% and varying salt concentration within the range 
of 3–8 w/w%. 
Figure 2.5 summarizes the IFT values at optimal salinity for each surfactant 
mixture formulation with the four hydrocarbons. When only C12,13–8PO was present 
(i.e., a value of zero on the x-axis of Figure 2.5), the IFT was lowest for decane 
followed by hexadecane. The fact that C12,13–8PO produces the lowest IFT for 
decane demonstrates that C12,13–8PO is hydrophobic, making it a good candidate to 
mix with the rhamnolipid. When only the rhamnolipid was present (a value on the x-
axis of one), the lowest IFT was obtained for toluene, as reported above. However, the 
addition of a very small amount of C12,13–8PO to the rhamnolipid surfactant (0.09  
w/w% of the rhamnolipid and 0.01 w/w% of C12,13–8PO or an x-value of 0.9) 
reduced the IFT for toluene by over an order of magnitude to less than 0.1 mN/m. 
Significant IFT reductions for hexane required a higher fraction of C12,13–8PO in the 
mixture (i.e., an x-axis value less than 0.9). This is reasonable because hexane is more 
hydrophobic than toluene, thus the surfactant mixture had to be more hydrophobic to 
be compatible with hexane and the fraction of C12,13–8PO in the mixture had to be 
higher. For toluene and hexane, synergism was observed—the IFT of the surfactant 
mixture was lower than the IFT of either surfactant alone. However, synergism was 
not observed for decane and hexadecane, likely because the rhamnolipid is too 
hydrophilic for these highly hydrophobic oils. The data in Figure 2.5 thus illustrate the 
synergism of using surfactant mixtures, but also demonstrate the importance of having 
the right surfactants to match the properties of the hydrocarbon.  
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Figure 2.6. IFT of mixtures of rhamnolipid and C16–10.7PO sulfate for toluene (♦), 
hexane (◊), decane (▲), and hexadecane (∆). The total surfactant concentration was 
0.1 w/w%. The ratio of rhamnolipid to C16–10.7PO sulfate was fixed at 1:1 by weight 
percent basis (or 2:1 by molar basis). Data points represent the average from triplicate 
measurements, error bars are included but are at times smaller than the data points. 
 
An alkyl PO sulfate surfactant (C16–10.7PO) sulfate, which is even more 
hydrophobic than C12,13–8PO, was studied next. The increased carbon chain length 
and the increased number of PO groups make C16–10.7PO sulfate more hydrophobic 
than C12,13–8PO. Figure 2.6 shows the IFT of the mixture of rhamnolipid and C16–
10.7PO sulfate for the four hydrocarbons. A preliminary IFT test was done by varying 
surfactant ratio in the mixture and salt for each surfactant ratio. It was found from this 
test that the ratio of rhamnolipid to C16–10.7PO of 1:1 had the highest rhamnolipid 
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concentration in the mixture and generated the lowest IFT. Therefore, the ratio of 
rhamnolipid to C16–10.7PO was kept constant at 1:1 by weight percent basis (1:2 by 
molar basis) and salinity was varied. A strong synergism was observed for hexane, 
which is a medium carbon chain length hydrocarbon or medium hydrophobic 
hydrocarbon. The rhamnolipid and C16–10.7PO mixture produced a lower IFT for 
hexane than previously shown in Figure 2.5 for the rhamnolipid and C12,13–8PO 
mixture at the same mixing ratio, reducing the IFT (0.073 ± 0.0032 mN/m from Figure 
2.5 versus 0.033 ± 0.0012 mN/m in Figure 2.6). The IFT values for decane and 
hexadecane decreased only slightly for the rhamnolipid and C16–10.7PO mixtures 
(Figure 2.6). The IFTs against these latter two hydrocarbons were not in the ultralow 
IFT range. On the other hand, the IFT for toluene increased significantly from 0.035 ± 
0.0022 mN/m for the rhamnolipid and C12,13–8PO system (Figure 2.5) to 0.41 ± 
0.0057 mN/m for the rhamnolipid and C16–10.7PO system (Figure 2.6). This is 
expected since C16-10.7PO sulfate is more hydrophobic than C12,13–8PO sulfate and 
is thus more effective in lowering IFT with more hydrophobic hydrocarbons. The 
results indicated that C16–10.7PO sulfate was too hydrophobic for toluene (low 
EACN oil) and not hydrophobic enough for decane and hexadecane (high EACN oils). 
An even more hydrophobic surfactant is needed to achieve ultralow IFT for decane 
and hexadecane.  
A more hydrophobic surfactant, alkyl polypropylene oxide ether sulfates C16–
18PO–2EO–SO4Na, was studied next [22]. This surfactant is more hydrophobic than 
C16–10.7PO sulfate due to the greater number of PO groups (18PO). While EO 
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groups are hydrophilic, the presence of only two EO groups was not expected to have 
much effect on IFT since the surfactant contained a larger number of PO groups.  
 
Figure 2.7. Optimum IFT (m) and optimum salinity (S*) (&) of a mixture of 
rhamnolipid and C16–18PO–2EO sulfate versus EACN (EACN values of 1 for 
toluene, 6 for hexane, 10 for decane, and 16 for hexadecane). The total surfactant 
concentration was 0.1 w/w%. The ratio of rhamnolipid to C16–18PO–2EO sulfate was 
fixed at 3:7 by weight basis (or 1:1 by molar basis). Data points represent the average 
from triplicate measurements, error bars are included but are at 
times smaller than the data points. 
 
Figure 2.7 shows the optimum IFT and the optimum salinity of the mixture of 
rhamnolipid and C16–18PO–2EO sulfate surfactants for all four hydrocarbons at a 
fixed ratio of rhamnolipid to C16–18PPO–2EO sulfate of 3:7 by weight basis or 1:1 
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by molar basis. We observed a similar trend between EACN and optimum salinity as 
shown in Figure 2.2. The optimum salinity increased as the EACN increased. Also, the 
S* for hexane of the rhamnolipid/C16–18PO–2EO sulfate mixture (4 w/w%) was 
significantly lower than that for the rhamnolipid alone (15 w/w%). This is reasonable 
because the surfactant mixture is much more hydrophobic than the rhamnolipid alone. 
This mixture effect demonstrates the formulation technique mentioned above for 
producing a more desirable surfactant system (in this case reducing S*). Future work 
can extend this work to produce even lower values of S*. The IFT generated by the 
rhamnolipid/ C16–18PO–2EO sulfate mixture decreased with increasing EACN. The 
IFTs for decane and hexadecane were very low, in the ultralow IFT range (< 0.1 
mN/m). Thus C16–18PO–2EO sulfate was hydrophobic enough to provide an 
appropriate hydrophilic–lipophilic balance to the surfactant mixture against decane 
and hexadecane. However, C16–18PO–2EO sulfate was too hydrophobic for hexane 
and toluene since the IFTs of the mixture for toluene and hexane were higher than all 
of the other surfactant mixtures.  
Table 2.2 summarizes the best formulations achieved for each hydrocarbon. It 
should be noted that the molar fraction of rhamnolipid exceeds 0.5 for all of these 
formulations. In other words, rhamnolipid is always the dominant surfactant in the 
mixture. Another important point is that formulating surfactant mixtures to match the 
hydrophobic properties of the hydrocarbons resulted in ultralow IFT (< 0.1mN/m) in 
all cases, illustrating the importance of tailoring the surfactant system to the oil. For 
hydrocarbon mixtures, the best surfactant formulation can be identified using our 
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results as a guide. For example, if an oil spill has an EACN value of 6.2, then the best 
formulation would be near that developed for hexane in this work; formulation studies 
would be needed to verify and modify this formulation as necessary. Finally, our work 
shows that while rhamnolipid works best for relatively hydrophilic oils, when mixed 
with more hydrophobic surfactants it also works well for higher EACN oils. 
 
Table 2.2. Optimum formulations of surfactant mixtures for different hydrocarbons 
Biosurfactants Synthetic Surfactants Oils 
 
S* (w/w%) Opt. IFT (mN/m) 
          
Rhamnolipid  
(0.08 w/w%) 
 
C12,13-8PO sulfate  
(0.02 w/w%) 
 
Toluene 
 
4 
 
0.032 ± 2.02E-03 
 
Rhamnolipid  
(0.05 w/w%) 
 
C16-10.7PO sulfate  
(0.05 w/w%) 
 
Hexane 
 
6 
 
0.069 ± 2.46E-04 
 
Rhamnolipid  
(0.03 w/w%) 
 
C16-18PO-2EO sulfate  
(0.07 w/w%) 
 
Decane 
 
5 
 
0.029 ± 4.52E-04 
 
Rhamnolipid  
(0.03 w/w%) 
 
C16-18PO-2EO sulfate  
(0.07 w/w%) 
 
Hexadecane 
 
8 
 
0.056 ± 1.03E-03 
 
 
 
Conclusions 
This work described the interfacial properties of rhamnolipid biosurfactant 
against several LNAPLs. Based on these properties, we were able to formulate 
optimum mixtures with synthetic surfactants that produced ultralow IFTs for toluene, 
hexane, decane, and hexadecane. The results showed that rhamnolipid biosurfactant 
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was quite hydrophilic relative to the hydrocarbons tested and that mixing rhamnolipids 
with more hydrophobic synthetic surfactants enhanced the interfacial activity of the 
rhamnolipid against these hydrocarbons. We achieved IFT values less than 0.1mN/m 
for all of the hydrocarbons by using tailored mixtures of rhamnolipid with synthetic 
surfactants. Future work will identify biosurfactants that are more hydrophobic to mix 
with the rhamnolipid, thus further reducing the optimum salinity and extending the 
biorenewable nature of the surfactant system. Future work should also assess the 
economics of these biosurfactant mixtures and utilize optimum surfactant formulations 
for each hydrocarbon in column studies to investigate the hydrocarbon removal 
efficiency in continuous flow systems.  
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CHAPTER 3 
Formulating Alcohol-Free Microemulsions Using Rhamnolipid Biosurfactant and 
Rhamnolipid Mixtures2 
 
Abstract 
This research focused on developing alcohol-free biosurfactant-based 
microemulsions. Rhamnolipid-based mixtures were found to have doubled the 
solubilization parameter as compared to sodium bis(2-ethyl) dihexyl 
sulfosuccinate/sodium dihexyl sulfosuccinate/sodium mono- and dimethyl 
naphthalene sulfonate at the same total molar concentration. For the first time, a phase 
diagram was developed for surfactant mixtures containing soy methyl ester ethoxylate, 
rhamnolipid and oleyl alcohol with limonene oil. This phase diagram can be used as a 
guideline for selecting a surfactant system and surfactant ratio to formulate 
microemulsions with a given oil. In addition, the alcohol-free biosurfactant-based 
microemulsions required reasonable salinity values for limonene, making it viable in a 
variety of applications.  
 
Keywords: Biorenewable surfactant, biosurfactant, interfacial tension, linker, 
microemulsion, solubilization, characteristic curvature 
 
                                                           
2
  This chapter or portions thereof has been published previously in Journal of Surfactants and 
Detergents under the title “Formulating Alcohol-Free Microemulsions Using Rhamnolipid 
Biosurfactant and Rhamnolipid Mixture” Journal of Surfactants and Detergents, 2009, 12, 109-115. 
This current version has been formatted for this dissertation. 
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Introduction 
Biosurfactants are produced from microorganisms which have diverse 
structures including glycolipids, phospholipids, polysaccharide-lipid complexes, 
lipopeptides and hydroxylated and cross-linked fatty acids [1, 2]. The rhamnolipid 
biosurfactant studied in this research belongs to the glycolipid species, which are 
composed of carbohydrate heads and lipid tails as shown in Figure 3.1 [3]. The 
glycolipid biosurfactants have been evaluated for use in many applications such as 
environmental bioremediation, removal of heavy metals from contaminated oil, 
biomedical applications [4–6], cosmetics and personal care products [7], and in the 
perfume and fragrance industry [8]. 
 
Figure 3.1. Molecular structures of the rhamnolipids: (a) monorhamnolipid, (b) 
dirhamnolipid (adapted from ref. [3]). 
 
In terms of molecular structure, rhamnolipid has two heads and two tails. The 
two heads, rhamnosyl (sugar) and carboxylic acid, are both very hydrophilic. In 
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addition, the two short tails of C8 alkyl chains provide only limited interaction with 
the oil phase. As a result, rhamnolipid is fairly hydrophilic, and thus promotes 
interactions between the aqueous phase and the surfactant layer and forms aggregates 
in the water phase (Winsor Type I). The hydrophilic-lipophilic balance of rhamnolipid 
was reported as 22–24 [9]. Rhamnolipid biosurfactants have been reported to be 
biologically and environmentally compatible [10].  
Winsor Types I–IV microemulsions [11, 12] have been used for a wide range 
of applications [12–14]. However, only limited studies have evaluated biosurfactant-
based microemulsions, with the addition of alcohols being necessary to form 
microemulsions [9, 15]. In our previous study, we were able to formulate alcohol-free 
microemulsions with rhamnolipid. However, synthetic surfactants were used to adjust 
the hydrophilic/lipophilic balance of the surfactant system to enhance the 
microemulsion formation [16]. The goal of this research is to formulate alcohol-free 
biosurfactant-based microemulsions for oils of intermediate hydrophobicity. The 
primary objective of this research is to illustrate that rhamnolipid biosurfactant can be 
used in mixtures to lower interfacial tension (IFT) and increase solubilization for 
representative oils of interest. The secondary objective of this work is to compare the 
effectiveness of rhamnolipid biosurfactant and synthetic surfactants in enhancing 
microemulsion formation and solubilization. The final objective of this work is to 
study the role of rhamnolipid biosurfactant in microemulsion formation (i.e., 
cosurfactant or hydrophilic linker). Sabatini et al. [17] discussed that hydrophilic 
linkers are amphiphilic molecules that have between six and nine carbons in their tail 
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per head group. With the structures discussed earlier, the question arises: will 
rhamnolipid play a role as a cosurfactant, which coadsorbs with the surfactant at the 
oil/water interface, or a hydrophilic linker, which enhances the interaction between the 
surfactant and the water phases [18]. The final objective of this work is to answer 
these two questions based on the optimum salinity, the interfacial tension, the 
synergism the rhamnolipid with lipophilic linker and the characteristic curvature of the 
rhamnolipid.  
To interpret the microemulsion formulations, we will use the optimum 
solubilization parameter (SP*). The SP* is defined as the solubilization parameter at 
the middle phase microemulsion that solubilizes equal amounts of oil and water [12]. 
 
Materials and Methods 
Materials  
The rhamnolipid biosurfactant (Figure 3.1) JBR 515 (15 w/v%) was purchased 
from Jeneil Biosurfactant Co. (Saukville, WI, USA). JBR 515 was originally received 
as a blend of 50 wt% monorhamnolipid (C26H48O9, MW= 504, CMC = 10-4 M at 
neutral pH) and 50 wt% dirhamnolipid (C32H58O13, MW= 650, CMC = 1.5 9 10-4 M 
at neutral pH) [3, 9, 10, 19] which gives the JBR 515 an average molecular weight of 
577. The CMC values reported above were with no added salt. Both mono- and 
dirhamnolipids present in JBR 515 are produced by Pseudomonas aeruginosa. 
Throughout this paper we will refer to JBR 515 as rhamnolipid (JBR) or rhamnolipid 
biosurfactant. 
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Biorenewable surfactants are made from renewable feed stocks such as soya 
plants, rendering them readily biodegradable with low toxicity: methyl ester 
ethoxylate surfactant with three ethoxylated groups (SMEE3EO). Thus, the fatty acid 
(R) composition is dominantly C18 alkyl chain (69–93%) with about 24% oleic acid 
(C18:1), 54% linoleic acid (C18:2) and 7% linolenic acid (C18:3) of total fatty acid 
composition. This surfactant was synthesized and provided by Huntsman Chemical 
Co. (Woodlands, TX, USA) (99–100 wt% purity). 
Synthetic surfactants used are sodium dihexyl sulfosuccinate (SDHS) and 
sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHS). SDHS is a Fluka brand with 
80% solution in water. SBDHS was purchased in powder form (~ 100%) from Fisher 
Scientific. Oleyl alcohol (OA, 85%) purchased from Sigma-Aldrich was used as the 
lipophilic linker. 
The two oils studied in this work were limonene and No. 2 diesel, which 
represent oils of intermediate hydrophobicity or equivalent alkane carbon number 
(EACN, 5.7 and 12–14 for limonene and diesel, respectively [20, 21]) and are of 
interest in formulations used for hard surface cleaners, environmental remediation and 
biodiesel applications [22–26]. Limonene (98+ %) was purchased from Sigma-
Aldrich. No. 2 diesel (86.23% carbon, 13.14% hydrogen, 0.034% sulfur, 31.0% 
aromatic, 64.1% paraffin and 4.9% olefin [27]) was purchased from a local gas station 
as a commercial grade. Benzene (98+ %) was purchased from Sigma-Aldrich. Sodium 
chloride was used as the electrolyte. All chemicals were used without any further 
purification. 
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Methods  
Phase study. Phase behavior studies were conducted by placing equal volumes of the 
aqueous and oil phases in 14-mL glass tubes with PTFE screw caps using salinity scan 
using standard procedures [13]. The sample tubes were handshaken for 1 min once a 
day for the first 3 days, and then left to equilibrate at a desired temperature for 2 
weeks before any further measurement [13]. The volume of the middle phase 
microemulsion was determined by measuring its height in each tube. The 
solubilization capacity was quantified using the solubilization parameter (SP), which 
is calculated using Equation 3.1 below [12]: 
                   SP =  ()
 ()
            (3.1) 
where SP is the solubilization parameter (mL oil/g surfactant), VO is the volume of oil 
in the middle phase (mL) and mS is the mass of surfactant in the middle phase (g). In 
the SP calculation, if the biosurfactant is identified as a cosurfactant, it was taken into 
account in the denominator with the mass of the surfactant in Equation 3.1; if the 
biosurfactant is identified as a linker, it is not included in the calculation. 
The partitioning of the rhamnolipid into the middle phase was quantified by 
subtracting the mass of these molecules in the excess water by the total initial mass 
added. JBR concentration was analyzed by UV 2100 Spectrometer (UNICO) at the 
wavelength 272 nm. It should be noted that JBR is the only component that has UV 
absorbance at this wavelength. 
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Interfacial tension. The interfacial tension between the aqueous and the oil phases was 
measured using glass capillary tubes and a spinning drop tensiometer (Model 500 
purchased from the University of Texas) according to standard methods [28]. 
 
Results and Discussions 
Formulating Microemulsions with Rhamnolipid.  
In our previous work [16], we studied the phase behavior of rhamnolipid with 
toluene. We found that rhamnolipid was very hydrophilic relative to toluene, which is 
a very hydrophilic oil. In this work, our goal is to formulate microemulsions with 
higher EACN oils; thus, rhamnolipid will need to be mixed with more hydrophobic 
surfactants. Figure 3.2 plots the interfacial tension between the excess oil and excess 
water of the middle phase microemulsion formulations as a function of salinity for 
limonene and diesel, first using mixtures of SBDHS and rhamnolipid only and then 
with the addition of OA as a lipophilic linker. First of all, it should be noted that no 
microemulsion was observed for either limonene or diesel with SDBHS alone at either 
0.05 or 0.1 M. However, a 0.05-M equal-molar mixture of SDBHS and rhamnolipid 
was able to produce Types I, III and II microemulsions and produce ultralow 
interfacial tension for both oils (\0.1 mN/m). This illustrates that rhamnolipid acted 
synergistically with SDBHS to form microemulsions with limonene and diesel (EACN 
values of ~ 6 and 12–14, respectively).  
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Figure 3.2. Microemulsion formulations (Winsor Types I, II and III) with (a) limonene 
and (b) diesel using two surfactant mixtures containing rhamnolipid: SBDHS/JBR 
(open squares) and SBDHS/JBR/OA (filled circles) (at 23 ± 1 oC). 
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We also want to assess the role of rhamnolipid in microemulsion (e.g., does it 
act as a cosurfactant or a hydrophilic linker). Acosta et al. [18] observed that adding 
hydrophilic linker to a surfactant system was expected to have little impact on 
solubilization capacity while adding a cosurfactant was expected to increase the 
solubilization capacity. Adding rhamnolipid to SDBHS obviously lowered the 
interfacial tension, which also increased the solubilization capacity of the surfactant 
system, allowing microemulsion formation where SDBHS alone could not. 
 
Table 3.1. Solubilization parameters and fraction of JBR in the middle phase 
microemulsion at optimum formulations of rhamnolipid microemulsions (at 23 ± 1 
oC). 
 
Formulation 
S* 
(% NaCl) 
SP* 
(mL oil/g surf) 
IFT*o/w 
(mN/m) 
Φ 
(% JBR) 
  
AOT/JBR-limonene 2.8 9.5 1.9E-02±9E-4 54 
AOT/JBR/OA-limonene 1.8 11.2 6.7E-03±4E-4 67 
AOT/JBR-diesel 9.5 8.9 2.8E-02±5E-4 19 
AOT/JBR/OA-diesel 4.25 14.4 1.1E-02±8E-4 23 
S* optimum salinity, SP* optimum solubilization parameter, IFT*o/w excess oil/water 
interfacial tension at optimum formulation,  Φ fraction of JBR in the optimum middle phase 
microemulsion 
 
 
In our work, OA was used as the lipophilic linker. Acosta et al. [29] found that 
an equimolar concentration of hydrophilic and lipophilic linkers showed the most 
effective solubilization enhancement. In this work, we first started at 0.05 M of both 
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rhamnolipid and OA for limonene and diesel. However, 0.05 M of OA seemed to 
work best with diesel microemulsions but seemed to be too hydrophobic for limonene 
microemulsions. OA concentration was thus reduced by half to 0.025 M for limonene 
microemulsions.  
Table 3.1 summarizes the optimum salinity (S*), optimum solubilization 
parameter (SP*), optimum interfacial tension and fraction of rhamnolipid in each of 
the optimum middle phase microemulsion systems shown in Figure 3.2. It can be seen 
that the optimum salinity decreases with the addition of OA due to its lipophilicity; 
this is true for both limonene and diesel microemulsions. It is also observed that for 
the more hydrophobic or higher EACN oil (diesel), the optimum salinity is higher. 
This result is consistent with Acosta et al. [20] and followed the relationship proposed 
by Salager et al. [30, 31] that relates different variables in microemulsion 
formulations. 
As also seen in Table 3.1, the SP* values increase with the addition of OA in 
both limonene and diesel microemulsions. This increase in SP* with OA indicates that 
rhamnolipid can either be a hydrophilic linker or a cosurfactant [18]. However, 
without the lipophilic linker OA in the formulation, the fraction of rhamnolipid in the 
middle phase is 54 and 19% (by weight) for limonene and diesel microemulsions, 
respectively. As OA was added, the partition of rhamnolipid in the middle phase 
increases to 67% (24% increase) for limonene and 23% (21% increase) for diesel. 
Acosta et al. [18] showed that the hydrophilic linker SMDNS fraction in the middle 
phase microemulsion increased by 50% when lipophilic linker OA was added to their 
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formulation. Our results, therefore, indicate that the rhamnolipid biosurfactant acts as 
a hydrophilic cosurfactant rather than a hydrophilic linker. 
The Characteristic Curvature of Rhamnolipid Biosurfactant  
The surfactant characteristic curvature (Cc) was proposed by Acosta et al. [32] 
as the dimensionless net curvature of the surfactant that reflects the tendency of the 
surfactant to form normal micelles, reverse micelles or intermediate aggregates. A 
negative value of Cc corresponds to a hydrophilic surfactant and tends to form O/W 
microemulsions (normal micelles) while a positive value of Cc corresponds to a 
hydrophobic surfactant and tends to form W/O microemulsions (reverse micelles). The 
characteristic curvature was also discussed in other articles as the r parameter [33–35].  
In this study, we used the simplified model developed by Acosta et al. [32] 
based on the hydrophilic–lipophilic deviation (HLD) equation shown below to 
estimate the Cc value of the rhamnolipid: 
HLD = ln(S) – K × NC,O + Cc               (3.2) 
where S is the salinity of the aqueous phase (g/100 mL or wt.%), K is an empirical 
constant depending on the type of surfactant head group, NC,O is the number of carbon 
atoms in the molecule of the oil (or EACN of the oil). This simplified Equation 3.2 
assumes there is no alcohol used in this study and the experiments are done at the 
reference temperature. At optimum formulation, HLD = 0 and S is denoted as S*, 
optimum salinity [32, 34, 35]. Based on this concept, Acosta et al. [32] developed the 
equation to estimate the Cc value of a target surfactant in mixtures with a reference 
surfactant with a known Cc value:  
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  ln (S*/S1*) = X2 [(Cc1 – Cc2) + (K2 – K1) NC,O]            (3.3) 
where S* is the optimum salinity for the surfactant mixture, S1* is the optimum salinity 
for the reference surfactant, X2 is the molar fraction of the target surfactant, and 1 and 
2 denotes for the reference and target surfactants, respectively. When the oil used is 
benzene, which has the NC,O value of 0, Equation 3.3 can be simplified as:  
        ln (S*/S1*) = X2 (Cc1 – Cc2)              (3.4) 
 
 
Figure 3.3. Shift in optimum electrolyte concentration [ln (S*/S1*)] for SDHS-JBR-
benzene at 23 ± 1 oC microemulsions as a function of the fraction of JBR in the 
system. 
 
A plot of ln (S*/S1*) versus X2 will provide the value of (Cc1 - Cc2) as the slope 
and the value Cc2 can thus be calculated with the known value of Cc1. The Cc value of 
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SDHS was calculated to be -0.92 [32] and is used as the reference surfactant in our 
work. Figure 3.3 plots ln (S*/S1*) versus X2 (molar fraction of JBR in the mixture) for 
formulation of SDHS–JBR mixture with benzene. As predicted by Equation 3.4, ln 
(S*/S1*) correlates linearly with the molar fraction of JBR with a high correlation factor 
(R2 = 0.99). The slope gives a value of Cc1 - Cc2 = 0.49 and, with Cc1 = -0.92 from 
above, Cc2 = -1.41. The negative value of Cc2 indicates that the rhamnolipid is a 
hydrophilic surfactant, and the magnitude of Cc2 indicates that rhamnolipid is more 
hydrophilic than SDHS due to the more negative value of Cc. Knowing the Cc value 
of the rhamnolipid, one can compare the hydrophilicity of the rhamnolipid with 
conventional hydrophilic surfactants such as sodium dodecyl sulfate (Cc = -2.34), 
sodium octanoate (Cc = -2.11) and sodium dodecyl benzene sulfonate (Cc = -0.91) 
[32]. This can serve as a helpful guideline when rhamnolipid biosurfactant is 
considered to replace conventional surfactants in microemulsion formulation. It should 
also be noted that the Cc value of the rhamnolipid is much less negative as compared 
to that of the hydrophilic linker SMDNS, which was found to have a Cc value of -3.5 
[32]. This finding is consistent with the result discussed in the earlier section that 
rhamnolipid behaves as a cosurfactant rather than a hydrophilic linker in 
microemulsion formation.  
Phase Diagram of Rhamnolipid Surfactant Mixture  
Having characterized the hydrophilicity of rhamnolipid (JBR), we replaced the 
conventional surfactant SBDHS by the biorenewable surfactant soy methyl ester 
ethoxylate (with three EO groups; SMEE3EO). Figure 3.4 represents the phase 
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diagram of systems containing SMEE3EO/JBR/ OA at fixed ratio of 4/1.75/2.5 (by 
wt.%) with limonene.  
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Figure 3.4. Phase diagram of formulation (Winsor Types I, II and III) composed of 
SMEE3EO, JBR and OA with limonene at fixed ratio of SMEE3EO/JBR/OA = 
4/1.75/2.5 by wt.%. The phase boundary connects all the points where a transition for 
microemulsion type was observed. The line labeled optimum salinity, which cuts 
through the interior of the phase diagram, corresponds to the optimum salinity at each 
surfactant concentration, as further studied in Figure 3.5 (at 23 ± 1 oC). 
 
The phase diagram plots the total surfactant and lipophilic linker concentration 
on the y-axis as a function of salinity on the x-axis. At a given total surfactant and 
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linker concentration (e.g., at 5 wt.%), as the salinity increases, the microemulsion 
transitions from Winsor Types I to III to II. Along the body of the phase diagram 
represented by the dashed line, as the total surfactant and linker concentration 
increases, the volume of the middle phase microemulsion increases. At high total 
surfactant and linker concentrations (above 10 wt.%), the salinity range of middle 
phase microemulsions gets smaller, approaching Winsor Type IV microemulsion. To 
our knowledge, only one study has reported a Type IV microemulsion for a 
biosurfactant [16].  
In contrast to the SMEE3EO/JBR/OA systems, surfactant systems composed 
only of SMEE3EO and OA without rhamnolipid (JBR) produced either liquid crystal 
or Type II microemulsion for both limonene and diesel because the system was too 
hydrophobic for both oils. To such a system, the addition of a hydrophilic component 
such as rhamnolipid is needed to adjust the hydrophilicity/lipophilicity of the 
surfactant system. On the other hand, when the surfactant system contained only 
SMEE3EO and rhamnolipid, only Type I microemulsions were formed over a wide 
range of salinity (up to 9 wt.%) due to the very hydrophilic nature of the surfactant 
system. In this case, the lipophilic OA was needed to increase the lipophilicity of the 
surfactant system. Figure 3.4 plots the phase boundaries based on varying the total 
concentration of surfactants and lipophilic linker and varying the salinity. The phase 
diagram slants to the left at higher surfactant concentration, indicating that with 
increasing surfactant/linker concentration the surfactant membrane becomes more 
lipophilic, requiring less salinity to concentrate the surfactant at the interface; this is 
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most often due to preferential partitioning of hydrophilic components into the water 
phase at elevated concentrations, leaving behind a more lipophilic surfactant 
membrane [12].  
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Figure 3.5. Interfacial tensions at optimum formulations of surfactant-limonene 
microemulsions from Figure 3.4 (below CµC, salinity is constant at 13 wt.% as 
presented by the vertical dashed line in Figure 3.4; above the CµC, salinity varies to 
correspond to optimum salinity in the center of the phase boundaries as represented by 
the slanted dashed line in Figure 3.4) (at 23 ± 1 oC). 
 
Figure 3.5 reports IFT values with increasing surfactant/linker concentration 
along the dashed line in Figure 3.4; the minimum IFT occurs at the critical 
microemulsion concentration (CµC)—above this concentration, the IFT is relatively 
constant. The CµC is the lowest surfactant concentration where the middle phase 
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(Type III) microemulsion occurs, as noted on Figure 3.4. The results from the phase 
diagram in Figure 3.4 can be used as a guideline in manipulating the surfactant/linker 
ratio in the formulation. For example, in order to formulate microemulsions for diesel, 
using this surfactant/linker system, a higher ratio of OA and lower ratio of JBR will be 
required to produce a more hydrophobic formulation. On the other hand, the studied 
surfactant/linker ratio may still be able to form microemulsions with toluene. These 
formulations in Figure 3.4 generated ultralow interfacial tensions (less than 0.1 mN/m 
as seen in Figure 3.5). In addition, we observed a slight increase in optimum 
solubilization parameter as total surfactant/linker concentration increases, ranging 
from 2 to 5 mL oil/g surfactant (see values reported at select points on Figure 3.5). 
It should be noted that the rhamnolipid biosurfactant used in this study has the 
fatty acid tails of C8 chain length. However, there are rhamnolipid biosurfactants 
made from different sources that have the chain length ranging from C8 to C14. The 
rhamnolipid with longer tails is more hydrophobic. Thus the rhamnolipid biosurfactant 
used here is the least hydrophobic type since its tail length is the shortest within the 
typical range. Longer tail rhamnolipid biosurfactants will modify the surfactant system 
to be more hydrophobic. As a result, they will either achieve the optimum formulation 
at lower salinity for studied oils (limonene and diesel) or be easier to formulate 
microemulsions with oils that are more hydrophobic than the studied oils. 
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CHAPTER 4 
Biodiesel production via peanut oil extraction using diesel-based reverse micellar 
microemulsions3 
 
Abstract 
Vegetable oils have been studied as a feasible substitute for diesel fuel, and short term 
tests using neat vegetable oils showed promise with results comparable to those of 
diesel fuel. However, after long-term usage of vegetable oils, engine durability 
problems such as ring sticking, injector coking, flow, and atomization arise due to the 
high oil viscosity, drying with time and thickening in cold conditions. Vegetable 
oil/diesel blending as biodiesel fuel has been shown to be one technique to reduce 
vegetable oil viscosity. The goal of this research is to demonstrate the feasibility of 
producing this biodiesel fuel via vegetable oil extraction using diesel-based reverse 
micellar microemulsions as extraction solvent. In this extraction technique, peanut oil 
is directly extracted into the oil phase of the microemulsion based on the “likes 
dissolve likes” principle and the product of the extraction process is peanut oil/diesel 
blend. The results show that diesel-based reverse micellar microemulsion system 
extract oil from peanuts more effectively than both diesel and hexane alone under the 
same extraction condition. An extraction efficiency of 95 % was achieved at room 
temperature and short extraction time of 10 minutes in just a single extraction step. 
                                                           
3
 This chapter or portions thereof has been submitted to Fuel under the title “Biodiesel Production via 
Peanut Oil Extraction Using Diesel-Based Reverse Micellar Microemulsions”, September 2009. This 
current version has been formatted for this dissertation. 
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The extracted peanut oil/diesel blend was tested for peanut oil fraction, viscosity, 
cloud point and pour point, which all meet the requirements for biodiesel. 
Keywords: vegetable oil extraction, reverse micellar microemulsion, biodiesel 
 
Introduction 
Concerns over current energy shortages and environmental restrictions have 
raised interest in the development and use of non-petroleum-based renewable fuels. 
Vegetable oils are one option being considered for use as renewable fuels as they have 
been shown to have a performance comparable to that of diesel fuel [1-4]. However, 
long-term usage of vegetable oils in diesel engines causes engine durability problems 
such as flow, injector coking and ring sticking [5]. These problems are mainly due to 
the high viscosity of vegetable oils [6-8]. Several methods have been evaluated for 
reducing the viscosity of vegetable oils including: a dilution technique in which 
vegetable oils are blended in small portion with diesel; a microemulsion technique in 
which microemulsions with vegetable oils or blends of vegetable oil and diesel are 
formed with or without additives such as methanol, ethanol, or butanol; and a 
biodiesel technique, in which vegetable oils are cracked and converted into their esters 
or biodiesels [6, 7, 9]. In this research, we focus on the extraction of peanut oil using 
reverse micellar microemulsions of diesel to produce a blend of peanut oil and diesel 
as a dilution technique to reduce the viscosity of the extracted peanut oil for biodiesel 
application. 
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Solvent extraction of oilseeds has been the most popular process for the 
separation of oil and meal products in vegetable oilseeds [10-12]. Other methods of 
extracting oil from oilseeds include mechanical pressing [13], aqueous extraction [14-
17], enzymatic aqueous extraction [18] and reverse micellar extraction [19]. Among 
these methods, which are often used to extract oil for cooking purposes, solvent 
extraction using hexane has been the most popular method that gives high oil 
extraction efficiency [10, 11]. In this research, we used reverse micellar 
microemulsions of diesel as the extraction solvent to extract oil from peanut seeds into 
the oil phase of the microemulsion to produce blends of peanut oil and diesel.  
Several research groups have studied the simultaneous extraction of vegetable 
oil and proteins by using reverse micelles, but their work focused primarily on the 
extraction of proteins [19, 20]. In their work, the oil extraction mechanism was based 
on the solubilization of vegetable oil in the reverse micellar microemulsion of 
isooctane and of protein in the water pool of the reverse micelles. However, in our 
work, the extraction product was not edible oil [19, 21], but instead was a blend of 
vegetable oil and diesel that can be used as biodiesel fuel. 
 A number of researches have studied the feasibility of using vegetable 
oil/diesel blends or their W/O microemulsions as diesel fuels [6, 7, 9, 22]. In these 
studies, it has been shown that vegetable oil/diesel blends with a ratio of up to 20% of 
vegetable oil or W/O microemulsions with a ratio of vegetable oil/diesel of up to 40% 
of vegetable oil can be used in diesel engines without modification. Therefore, based 
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on these findings, we aim to produce blends of vegetable oil and diesel or their W/O 
microemulsions via the extraction process. 
 The proposed mechanism of vegetable oil extraction using reverse micellar 
microemulsions is based on the “like dissolves like” principle, which is similar to that 
of solvent extraction technology. This principle means that a polar solute is more 
soluble in a polar solvent while a non-polar solute is more soluble in a non-polar 
solvent [11]. Reverse micellar microemulsions have oil as the continuous phase and 
water as the inner core of the micelles. As a result, vegetable oil is extracted directly 
into the oil continuous phase and/or into the hydrophobic region of the reverse 
micelles while the polar protein is simultaneously extracted into the water pools of the 
reverse micelles [19]. A notable advantage of this method is reduced emulsion 
formation and thus fewer refining steps compared to those in edible oil extraction.  
Microemulsions are thermodynamically stable emulsions that contain water 
and oil domains separated by surfactant films [23]. Microemulsions can exist in four 
forms as the well known Winsor-Type microemulsions. Winsor Type I (oil-in-water or 
O/W) microemulsions solubilize oil into spherical, normal micelles within the 
continuous water phase while Type II (water-in-oil or W/O) microemulsions solubilize 
water in reverse micelles which occur in the oil phase. Type III (middle phase) 
microemulsions exhibit three phases, excess oil and water phases in equilibrium with a 
bicontinuous phase when lamellar micelles are formed in the system [24]. In a middle 
phase microemulsion, increasing surfactant concentration causes the volume of the 
middle phase to increase until all the oil and water coexists in a Type IV single phase 
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microemulsion [23]. This study will use Type II water-in-oil (W/O) microemulsions as 
the extraction solvent to extract vegetable oil to produce a blend of vegetable oil and 
diesel.  
 The overall goal of this research is to extract oil from peanuts using W/O 
microemulsions of diesel to produce blends of vegetable oil and diesel for biodiesel 
application. We hypothesize that the extraction of oilseeds using reverse micellar 
microemulsions is based on the “like dissolve like” principle and thus will extract 
vegetable oil directly into the oil phase of the microemulsion because oil is the 
continuous phase of W/O (reverse micelle) microemulsions. Thus, there are four 
objectives: (1) to formulate diesel-based W/O microemulsions; (2) to compare the oil 
extraction efficiency using diesel as the solvent versus formulated diesel-based W/O 
microemulsions; (3) to study the effects of various extraction parameters such as solid-
to-solvent ratio, extraction time, extraction shaking speed and extraction temperature 
on the oil extraction efficiency; and (4) to analyze the quality of the extracted oil 
blends as biodiesel including the viscosity, the fraction of peanut oil and diesel, the 
free fatty acid and the cloud and pour point of the fuel. 
 
Materials and Methods 
Materials  
Biosurfactants used in this research are rhamnolipid and sophorolipid. 
Rhamnolipid (JBR) biosurfactant was purchased from Jeneil Biosurfactant Co. 
(Saukville, Wisconsin) with 15 wt% active and an average molecular weight of 577. 
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Rhamnolipid biosurfactant was originally a blend of 50 wt% monorhamnolipid 
(MW=504) and 50 wt% dirhamnolipid (MW=650) as shown in Figures 4.1a and 4.1b 
[25]. Sophorolipid (SPL) biosurfactant was synthesized and donated by the United 
States Department of Agriculture (USDA) with highly purity (~ 100 wt% active) and 
specific molecular structure as shown in Figure 4.1c [26]. In addition, soy bean 
lecithin, sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHS) (Fisher Scientific), and 
oleyl alcohol (Sigma Aldrich) were also used as shown in Table 4.1. 
 
 
Figure 4.1. Structures of the rhamnolipids: (a) monorhamnolipid, (b) dirhamnolipid 
(adapted from ref. [25]) and (c) Sophorolipid (Ac = Acetyl) (adapted from ref. [26]). 
 
In this study, peanuts were used as the oil seed to investigate the oil recovery 
efficiency of diesel-based reverse micellar microemulsion extraction. Peanuts were 
purchased from America’s Best Nuts Co. (Rocky Mountain, North Carolina) as 
blanched. Peanut oil was purchased from Sigma-Aldrich, and diesel oil was 
commercial No. 2 diesel purchased from a local gas station. The composition of No. 2 
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diesel fuel commonly contains 86.23% carbon, 13.14% hydrogen, 0.034% sulfur, 
31.0% aromatic, 64.1% paraffin and 4.9% olefin [27]. All chemicals were used 
without any further purification. 
Table  4.1. Surfactants used in this work. 
Surfactants Mol. Wt. 
    
Rhamnolipid (JBR) 577 
Sophorolipid (SPL) 688 
Lecithin 770 
Sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHS) 445 
Oleyl alcohol (OA) 268 
 
Methods  
Phase study. Phase behavior studies were conducted by placing equal volumes of the 
aqueous and diesel phases (5 mL of each phase) in 14 mL glass tubes (diameter of 13 
mm) with Teflon® screw caps. For a given surfactant concentration and linker 
concentration, the salt concentration was varied to delineate the transition between the 
different microemulsion types, which were identified visually and by passing a laser 
light through the phases. The sample tubes were hand-shaken for one minute, once a 
day for the first three days, and then left to equilibrate at room temperature for two 
weeks [28].  
Vegetable oil extraction. The moisture content of peanuts was determined by 
measuring the difference in weight of 3.0 grams of ground peanuts before and after 
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drying in the oven until the weight remains constant. The moisture content was found 
to be 5.3 %, which is consistent with results from other studies [15, 21]. Since the 
desired moisture content for solvent extraction of oil was reported to be 2-6% [29], in 
this study, we kept the moisture content of peanuts the same at its initial value in all 
experiments since the moisture content of peanuts used was measured to be 5.3 %.  
 
Figure 4.2. Schematic diagram of the extraction process. 
 
The extraction process includes three steps: seed grinding, solid/solvent 
dispersion, and solid/liquid separation. The extraction was carried out by dispersing 
65 
 
the ground seeds into the W/O microemulsion and then agitating the dispersion to 
enhance the extraction of the oil, as shown in Figure 4.2. The formulated diesel-based 
W/O microemulsions were used as the extraction solvent. Each extraction experiment 
was carried out in single batch basis except for the study of multi step extraction. All 
extraction experiments were done in triplicates. 
Seed grinding. Grinding ruptures the seed cells to help release their 
constituents in order to increase the oil extraction efficiency. Grinding was done using 
a mechanical grinder. Since the oil extraction mechanism is strongly dependent on 
“like dissolves like” principle, essentially no diffusion takes place through the cell 
walls. The total amount of oil available for extraction is therefore dependent on the 
amount of surface area. Small particles will provide a higher surface area to volume 
ratio and more oil will be located at the surface instead of inside of the particles [30]. 
Thus, grinding is a critical step in the oil extraction. This study used seed size of 0.5 – 
0.84 mm, which is categorized as medium size [21, 31]. 
Solid/solvent dispersion. A certain amount of ground peanuts was dispersed in 
a certain volume of W/O microemulsion of diesel for a period of time by mechanical 
shaking. In all experiments, 3.0 grams of ground peanuts was used and the volume of 
W/O microemulsions was adjusted according to the studied solid-to-solvent ratio. 
Extraction parameters such as solvent types, solid-to-solvent ratio, extraction time, 
shaking speed and extraction temperature were varied one at a time to determine their 
effects on the oil extraction yield. 
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Solid/liquid separation. The extracted oil blend and the solid phase after the 
dispersion were separated by centrifugation at 4000 rpm for 30 minutes to ensure 
complete separation [21]. The oil phase was transferred into a separate container for 
further analysis. The residual solid was extracted with 20 mL hexane, followed by 
evaporation of hexane to obtain residual oil.   
Analysis of extracted oil blends 
Peanut oil extraction efficiency. Both the extracted oil blends and the residual 
oil were analyzed by HPLC with evaporative light scattering detector (ELSD) using 
Alltech Altima HP C18 5u column with the length of 250 mm and inside diameter of 
4.6 mm. A mixture of 20% dichloromethane and 80% methanol was used as the 
analyzing solvent. Both the extracted oil blend and the residual oil blend were 
analyzed to determine the extraction efficiency of the extraction based on Equation 
4.1. A mass balance was also done to check the validity of the analyzed results. The 
oil extraction efficiency was calculated by Equation 4.1 below [30]: 
                                                                                                                                                       
(4.1)                            
 
Viscosity measurement. Kinematic viscosity, one of the fuel properties, was 
determined from measured dynamic viscosity. The dynamic viscosity with the unit of 
centipoises (cP) of the extracted oil blend was measured using the Brookfield 
Programmable DV-III + Rheometer with spindle number 18 for low viscosity 
measurement. A volume of 6.7 mL of sample was placed in the chamber for 
% oil extraction  = 
Weight of extracted peanut oil 
Weight of total oil in raw peanuts 
x 100% 
67 
 
measurement. The temperature was controlled at 25 and 40 oC. The kinematic 
viscosity with the unit of centistokes (cSt) was calculated from the dynamic viscosity 
by Equation 4.2: 
 
                     (4.2) 
 
Cloud point and pour point tests. The two fuel properties, cloud point and pour 
point, were also determined. The cloud point is the temperature at which the fuel 
begins to thicken and become cloudy. The pour point is the temperature at which the 
fuel begins to thicken and no longer pour. The cloud point and the pour point are 
important properties of fuels since at the cloud point, some engines fail to run and at 
the pour point, all engines fail [32]. Thus, cloud and pour points of the extracted oil 
blend was determined by observing it to thicken and become cloudy at cold 
temperature as they are cold properties of fuels [33].    
 
Results and Discussion 
Formulation of diesel-based microemulsions  
The formulation of diesel-based microemulsions was done via phase behavior 
studies by varying surfactant concentration and salinity as shown in Figure 4.3. 
Salinity was scanned for each surfactant concentration. As the salinity increases, the 
microemulsion transitions from Type I (water-in-oil) to Type III (bicontinuous) to 
Type II (oil-in-water).  
Kinematic viscosity (cSt) = 
Dynamic viscosity (cSt) 
Solution density (g/mL) 
 Figure 4.3. Partial fish phase diagrams with diesel of two surfactant systems: (a) 
Lecithin/SPL/JBR = 1/1/0.628 by wt. and (b) 
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Two surfactant systems were used to formulate microemulsions with diesel: 
Lecithin/SPL/JBR at ratio of 1/1/0.63 w/v% (Figure 4.3a) and SBDHS/JBR/OA at 
ratio of 1.1/1.4/0.67 w/v% (Figure 4.3b). The two surfactant systems show different 
phase behavior with diesel. For the Lecithin/SPL/JBR system (Figure 4.3a), the Type 
III middle phase microemulsion region (range of salinity or salinity window) gets 
wider as the total surfactant concentration increases. However, with further increases 
in surfactant concentration, the salinity window narrows as the system approaches 
Type IV.  
For the system of SBDHS/JBR/OA, the phase diagram slants in the opposite 
direction as compared to the system of Lecithin/SPL/JBR. These phase behaviors 
indicate that the two surfactant systems have very different hydrophilicity-
hydrophobicity characteristics. Thus, their W/O microemulsions with diesel were 
chosen as the extraction solvent to study the effect of extraction solvents on the oil 
extraction efficiency. 
 
Effects of operating parameters on oil extraction efficiency  
Solvent-based vegetable oil extraction involves the transfer of the oil from the 
solid oilseeds to the liquid solvent. The extraction depends on the nature of the solvent 
and oil, the contacting time between the oilseed particles and the solvent, the shaking 
speed, the extraction temperature and the solid-to-solvent ratio [29, 31]. Sufficient 
contact time is required for the solvent and the solid to equilibrate to ensure the most 
efficient extraction of the oil. Temperature affects the rate at which the solvent and the 
 solid obtain equilibrium; and this rate increases as the extraction temperature 
increases. A faster rate will make the process more feasible and economical. However, 
the extraction temperature should be below the initial boiling point of the solvent due 
to the safety hazard of rapid vaporization and pressurization of the extraction process 
[29]. Therefore, these five factors affecting the extraction process were investiga
this study. 
Effect of extraction solvent
Figure 4.4. Effect of extraction solvent on oil extraction efficiency at 60 minute 
extraction time and 200 rpm shaking speed
 
The oil extraction efficiency was compared for three types of solvents: diesel, 
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w/v%) surfactant system and diesel-based W/O microemulsion of SBDHS/JBR/OA 
(0.56/0.72/0.34 w/v%, NaCl 9 w/v%) surfactant system. The efficiency of these three 
solvents was compared with the conventional extracting solvent hexane.  
As seen in Figure 4.4, at the same extraction condition of 60 minutes of 
extraction and a shaking speed of 200 rpm, we obtained higher oil extraction 
efficiency with diesel-based reverse micellar (RM) microemulsions than with either 
hexane or diesel only at all solid to solvent ratios. For example, at the solid-to-solvent 
ratio of 1/10, the oil extraction efficiency produced with the RM microemulsions is 
about 96 % while that produced by diesel and hexane is about 89 %. This could be due 
to the presence of surfactants in reverse micellar microemulsions, which increases the 
polarity of the solvent, thereby increasing the extraction of more polar portions of 
vegetable oil. The oil extraction efficiency produced from diesel-based reverse 
micellar microemulsions of two different surfactant systems are statistically the same 
at all solid-to solvent ratios. Therefore, in further study, the diesel-based reverse 
micellar microemulsion of SBDHS/JBR/OA surfactant system was used to study 
different effects on the extraction yield. 
Effect of solid-to-solvent ratio  
The effect of solid-to-solvent ratio on the oil extraction efficiency is shown in 
Figure 4.5. The ratio was varied from 1:2 to 1:15 (w/v). The extraction time was 40 
minutes at the shaking speed of 200 rpm. As the solid-to-solvent ratio increases from 
1:2 to 1:5, the extraction efficiency increases from 79.5 ± 3.3 % to 94.1 ± 0.9 %. 
However, ratios above 1:5 have no significant effect on the oil extraction efficiency 
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since only sufficient amount of solvent is required to dissolve all the oil in the seeds. 
Therefore, in the following study, we used a solid-to-solvent ratio of 1:5 (w/v). 
 
Figure 4.5. Effect of solid-to-solvent ratio on oil extraction efficiency at 40 minute 
extraction time and 200 rpm shaking speed using formulation of AOT/JBR/OA = 
0.0125/0.0125/0.0125 M diesel-based reverse micellar microemulsion. 
 
Effect of extraction time  
In the study of the effect of extraction time on the amount of oil extracted, the 
extraction was carried out for various amounts of time from 5 to 60 minutes (Figure 
4.6). The extraction was done at a solid-to-solvent ratio of 1:5 and shaking speed of 
200 rpm. After 10 minutes of extraction, 91.6 ± 2.5 % oil was extracted. For a longer 
time of 40 minutes, the oil extraction efficiency increases to 94.1 ± 0.9 %. With this 
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extraction technology, high oil extraction was obtained at much shorter time than with 
other extraction methods such as aqueous extraction [34] and enzyme-assisted 
aqueous extraction [35] which require times of 18 – 25 hours. 
 
 
Figure 4.6. Effect of extraction time on oil extraction efficiency at 200 rpm shaking 
speed, solid-to-solvent ratio of 1:5 using the formulation of AOT/JBR/OA = 
0.0125/0.0125/0.0125 M diesel-based reverse micellar microemulsion. 
 
Effect of shaking speed  
The effect of shaking speed on oil extraction efficiency was evaluated at 40 
minutes of extraction time and solid-to-solvent ratio of 1:5. From the shaking speed 
range of 50 to 100 rpm, the extraction efficiency increased from 81.27 ± 4.46 % to 
91.80 ± 0.61 %. However, for shaking speeds higher than 100 rpm, there is no 
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significant increase in the oil extraction efficiency. A different trend in the effect of 
shaking speed on oil extraction yield was found with the enzyme-assisted aqueous 
extraction [35]. For their system, it was found that at a shaking speed of 100 rpm or 
higher, emulsification occurs and reduces the amount of oil extracted [35]. In contrast, 
our extraction method using diesel-based reverse micellar microemulsions did not 
exhibit this emulsification problem. 
Effect of extraction temperature  
The study of the effect of extraction temperature on oil extraction efficiency 
shows statistically the same amount of oil extracted (about 93 %) at room temperature 
(23 ± 1 oC) and higher (up to 60 oC). The extraction was done at 150 rpm shaking 
speed and solid-to-liquid ratio of 1:5. The oil extraction efficiency at 10 and 40 minute 
extraction time is almost the same (about 93 %) at all studied temperatures, which falls 
in the range of values in Figure 4.6. With other oil extraction methods, high oil 
extraction efficiency (> 90%) was not observed until the extraction temperature 
reaches 40 oC or 60 oC [21, 31, 35]. 
Extracted Oil Blend Analysis 
Peanut oil fraction and kinematic viscosity of extracted oil blend  
Figures 4.7 and 4.8 plot the fraction of peanut oil in the extraction oil blend 
and the kinematic viscosity of the extracted oil blend at different solid-to-solvent 
ratios, respectively. It was found that the only extraction parameter that affects the 
peanut oil fraction and the viscosity of the extracted oil blends was solid-to-solvent 
ratio (data not shown). As the amount of extraction solvent increases or the solid-to-
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solvent ratio decreases, the portion of peanut oil in the extracted oil blend decreases 
(Figure 4.7) as well as the viscosity of the extracted oil blend does (Figure 4.8). 
 
Figure 4.7. Fraction of peanut oil in extracted oil blend at various solid-to-solvent 
ratios and 200 rpm shaking speed for 40 minutes using the formulation of 
AOT/JBR/OA = 0.0125/0.0125/0.0125 M diesel-based reverse micellar 
microemulsion. 
 
At all studied solid-to-solvent ratios, the fraction of peanut oil in the extracted 
oil blend is less than 15 %, which is desirable for alternative fuels used in diesel 
engine [6, 7, 9, 22]. The kinematic viscosity of the extracted oil blends was measured 
at two different temperatures of 25 and 40 oC. Lower viscosity was observed at higher 
temperature.  At 25 oC, the viscosity decreases from 6.50 ± 0.24 cSt at solid-to-solvent 
ratio of 1/3 to 4.24 ± 0.19 cSt at solid-to-solvent ratio of 1/15. At 40 oC, the viscosity 
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decreases from 4.79 ± 0.17 cSt to 3.87 ± 0.14 cSt. These values meet the kinematic 
viscosity requirement for biodiesel, which ranges from 1.9 to 6.0 cSt at 40 oC [32]. 
Figure 4.8. Kinematic viscosity of extracted oil blend at different solid-to-solvent 
ratios and temperatures, 200 rpm shaking speed and 40 minute extraction using the 
formulation of AOT/JBR/OA = 0.0125/0.0125/0.0125 M diesel-based reverse micellar 
microemulsion. 
 
Cloud point and pour point of extracted oil blend 
 Since the extraction at solid-to-solvent ratio of 1/10 produces peanut oil/diesel 
blend with composition of less than 15 % peanut oil in the blend and kinematic 
viscosity within the typical viscosity range of diesel fuel No. 2, this extracted oil blend 
was selected to test the free fatty acid content, the cloud and the pour points. At 20 oF, 
the extracted oil blend was observed to be clear for all solid-to-solvent ratios. 
However, the pour points varied. At solid-to-solvent ratios of 1/10 and 1/15, the 
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extracted oil blend poured at -10 oF, but it only poured at temperature higher than 5 oF 
for solid-to-solvent ratios of 1/3 and 1/5. Thus at all studied conditions, the extracted 
oil blend meets the cloud point and pour point requirements for biodiesel, which 
typically are 40 oF for cloud point and 15-20 oF for pour point. In colder climate, the 
cloud point requirement for fuel can be as low as 10 oF and the pour point requirement 
can be -10 oF [32]. Therefore, depending on the climate, suitable extraction condition 
can be used to produce the biodiesel that meets the fuel requirement.  
 
Conclusions 
The data presented in this work demonstrate the feasibility of producing 
vegetable oil/diesel blends as biodiesel fuels through vegetable oil extraction using 
diesel-based reverse micellar microemulsions as extraction solvent. Various extraction 
parameters were studied, showing that at room temperature and short extraction time 
(10 minutes), almost 95% of extraction efficiency was obtained just by a single 
extraction step. Thus, an efficiency of almost 99% may be expected with a multistage 
extraction. The extracted peanut oil/diesel blend has the peanut oil fraction, viscosity, 
cloud point and pour point that meet the requirements for biodiesel fuel. The 
extraction efficiency using this method is higher than that when neat diesel or hexane 
was used under the same extraction condition and procedure.  
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CHAPTER 5 
Biocompatible Lecithin-Based Microemulsions with Rhamnolipid and 
Sophorolipid Biosurfactants: Formulation and Applications 
 
Abstract 
The objectives of this research are first to evaluate the hydrophilicity/hydrophobicity 
of sophorolipid biosurfactants relative to conventional synthetic surfactants and then 
to formulate and evaluate microemulsions of lecithin/rhamnolipid/sophorolipid 
biosurfactants with a range of oils (varying EACN values and oil types). We found 
that sophorolipid biosurfactants are more hydrophobic than sodium bis(2-ethyl) 
dihexyl sulfosuccinate (SBDHS), which is more hydrophobic than sodium dihexyl 
sulfosuccinate (SDHS) and rhamnolipid biosurfactant. Sophorolipid thus played an 
important role as the hydrophobic component in lecithin/rhamnolipid/sophorolipid 
biosurfactant formulation. This biosurfactant formulation was able to produce Winsor 
Type I, III and II microemulsions and the corresponding ultralow IFT for limonene, 
decane, isopropyl myristate and hexadecane. The phase behavior of this formulation 
with isopropyl myristate did not change significantly with changing temperature (10, 
25, 40 oC) and electrolyte concentration (0.9 and 4.0% w/v), making it desirable for 
cosmetic and drug delivery applications. The hexadecane detergency performance of 
our biocompatible formulation was higher than that of a commercial liquid detergent 
at the same surfactant active concentrations.  
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Introduction 
Microorganism-produced biosurfactants have diverse structures including 
glycolipids, phospholipids, polysaccharide-lipid complexes, lipopeptides and 
hydroxylated and cross-linked fatty acids [1, 2]. The most common glycolipid 
biosurfactants are rhamnolipids and sophorolipids, which are of interest in this 
research. The glycolipid species are generally composed of carbohydrate heads and 
lipid tails as shown in Figure 5.1 [3, 4].  
Rhamnolipid biosurfactants have two hydrophilic head groups: carboxylate 
groups give rhamnolipids an anionic character and rhamnosyl groups contribute to the 
bulkiness of the head group. Rhamnolipid biosurfactants have two identical tails of C8 
alkyl chains as shown in Figure 5.1 [5]. We have studied the characteristic and 
microemulsion formation of rhamnolipid extensively in our previous work [6, 7], 
which showed that rhamnolipid is a hydrophilic surfactant. The hydrophilicity – 
hydrophobicity balance (HLB) of rhamnolipid has been reported as 22 – 24 [5].   
Sophorolipid has only one long tail of an unsaturated fatty acid. There are two 
conformations of sophorolipid during production: lactone form resulting from the 
esterification of the carboxylic acid group to the disaccharide ring (Figure 5.2a) and 
acidic form with two head groups of dimeric sugar sophorose and carboxylic acid 
(Figure 5.2b), in which the sophorose head is acetylated [4]. These acetyl groups have 
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been shown to lower the hydrophilicity of sophorolipid, and thus increase the 
hydrophobicity of sophorolipid [8].  
Rhamnolipid and sophorolipid biosurfactants possess properties that make 
them attractive in many applications such as bioremediation, microbial enhanced oil 
recovery, food and cosmetic industries and pharmaceutical applications [9-14]. Due to 
their biocompatibility and low toxicity, the use of rhamnolipid and sophorolipid 
biosurfactants in cosmetic and pharmaceutical applications is of increasing interest 
[15]. Specifically, rhamnolipids have been shown to have a high antimicrobial activity 
against bacteria and fungi and immunological activity [16, 17]. Studies on 
sophorolipids have demonstrated that they show potential for use in cosmetic and 
pharmaceutical applications such as skin moisturizer, anti-human immunodeficiency 
virus and sperm-immobilizing activities [8, 15, 18].  
Microemulsions are thermodynamically stable, isotropic dispersions of oil, 
water and surfactant [19]. Microemulsion systems produce high solubilization 
capacity and ultra-low interfacial tensions of oil and water, making them desirable in 
practical applications such as enhanced oil recovery (EOR), drug delivery, and food 
and cosmetic applications [20-25]. Microemulsions can exist in four forms of Winsor 
microemulsions [19, 20]. Type I and Type II microemulsions are two-phase systems. 
Type I microemulsions consist of oil solubilized in spherical normal micelles within 
the water-continuous phase in equilibrium with the free oil phase while Type II 
microemulsions consist of water solubilized in reverse micelles within the oil-
continuous phase in equilibrium with the aqueous phase. Type III microemulsions 
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exhibit three-phase systems in which the middle phase microemulsions are in 
equilibrium with both excess oil and excess aqueous phases. Type IV microemulsions 
result from the expansion of the middle phase Type III microemulsions with 
increasing surfactant concentration such that all the excess oil and excess water is 
incorporated into a single phase system.  
Lecithin-based microemulsions have proven to be desirable in biocompatible 
formulations due to their tendency to mimic the phospholipid nature of cell 
membranes [26]. Other studies have studies evaluated the applications of rhamnolipid 
and sophorolipid biosurfactants in cosmetics and pharmaceuticals [8, 9, 12, 15-18]. 
However, the microemulsion phase behavior of sophorolipid has not yet been studied 
and only limited research has evaluated the microemulsion phase behavior of 
rhamnolipid [5-7].  
Therefore, the overall goal of this research is to evaluate the 
hydrophilicity/hydrophobicity of the sophorolipid biosurfactant and its microemulsion 
phase behavior in mixtures with rhamnolipid and lecithin using a range of oils. We 
hypothesize that sophorolipid is hydrophobic based on its lactone structure with two 
acetyl groups attached to the dimeric sugar sophorose head group. It is also 
hypothesized that, due to the dimeric sugar sophorose head, sophorolipid will be 
relatively insensitive to temperature even though it is a nonionic surfactant, and that 
consequently microemulsion formulations using lecithin, rhamnolipid and 
sophorolipid will be relatively insensitive to temperature. There are thus four 
objectives in this work: (1) to investigate the hydrophobicity of sophorolipid 
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biosurfactant; (2) to demonstrate the ability to produce alcohol free lecithin-based 
biocompatible microemulsions using sophorolipid for a range of oils (oil types and oil 
equivalent alkane carbon numbers (EACNs)), including limonene, decane, isopropyl 
myristate (IPM) and hexadecane; (3) to evaluate the effect of temperature and 
electrolyte on lecithin-based sophorolipid microemulsions; and (4) to compare the 
detergency power of lecithin-based sophorolipid formulation with commercial 
detergent for the removal of hexadecane. Among the four studied oils, the 
microemulsions of limonene and IPM are studied toward their applications in 
cosmetics and pharmaceutical and that of decane and hexadecane toward its 
application in detergency.  
 
Materials and Methods 
Materials 
 Rhamnolipid (JBR) biosurfactant was purchased from Jeneil Biosurfactant Co. 
(Saukville, Wisconsin) at 15.6 wt% active, which is roughly a blend of 50% 
monorhamnolipid (Figure 5.1a) and 50% dirhamnolipid (Figure 5.1b). Sophorolipid 
(SPL) biosurfactants (Figure 5.2) were synthesized and donated by the United States 
Department of Agriculture (USDA) with high purity (~ 100% active). Two types of 
SPLs were studied in this work, which were synthesized by C. bombicola from 
palmitic C16 fatty acid (SPL-P) and oleic C18 fatty acid (SPL-O) [4]. Thus, SPL-P 
has unsaturated C16 in the tail and SPL-O has unsaturated C18.  
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Figure 5.1. Structures of the rhamnolipids: (a) monorhamnolipid and (b) dirhamnolipid 
(adapted from ref. [3]).  
 
 
Figure 5.2. Structures of the sophorolipids (Ac = Acetyl): (a) lactone form and (b) 
acidic form (adapted from ref. [4]). 
 
Soybean lecithin and sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHS) 
were purchased from Fisher Scientific as 100% active and sodium dihexyl 
89 
 
sulfosuccinate (SDHS, 80% wt. solution in water) was from Sigma Aldrich. Sodium 
chloride (NaCl, 99+%) was used as the electrolyte. 
 
Table 5.1. Surfactants used in this work. 
Surfactant  Mol. Molecular structure 
  wt.   
 
 
Sodium dihexyl 
sulfosuccinate 376   
    (SDHS)     
      
      
      
      
Sodium bis(2-ethyl)dihexyl  432   
     sulfosuccinate (SBDHS)   
      
      
    
 
Lecithin 770a 
    
    
      
Rhamnolipid (JBR) 577b Fig. 1 
Sophorolipid - oleic acid 688c Fig. 2 
    (SPL-O)     
Sophorolipid - palmatic 
acid 660c Fig. 2 
    (SPL-P)     
afrom ref [27], bfrom ref [3], cfrom ref [4] 
 
The five oils studied were limonene (98%), isopropyl myristate (IPM, 98%), 
benzene, decane and hexadecane (99+%, anhydrous), which were purchased from 
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Sigma Aldrich. All chemicals were used without further purification. The fabric used 
in detergency tests was a standard unsoiled 65% polyester and 35% cotton blend. 
 
Table 5.2. Oils used in this work. 
Oil EACN Mol. Molecular structure 
    wt.   
      
 
  
 
Benzene 0a 78   
        
      
 
Limonene 5.7b 136 
      
      
 
Decane 10c 142 
      
 
      
Isopropyl myristate 13d 270 
      
      
 
Hexadecane 16c 226 
        
afrom ref. [20], bfrom ref. [27], cfrom ref. [28, 29], dfrom ref. [30] 
 
Methods 
Phase Study 
 Phase behavior studies were conducted by placing equal volumes of the 
aqueous and oil phase (5 mL of each phase) in 14 mL glass tubes (diameter of 13 
mm). When benzene was used as the oil phase, Teflon® screw caps were used to 
minimize evaporation. The sample tubes were hand-shaken for one minute once a day 
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for the first three days, and then left to equilibrate at desired temperatures in a water 
bath for two weeks [30]. Microemulsions were identified visually and by passing a 
laser light through the phases. 
Sophorolipid hydrophilicity/hydrophobicity study. In this study, rhamnolipid 
was used as the reference surfactant and mixed with SBDHS, SDHS, SPL-P and SPL-
O individually. The total surfactant concentration was fixed at 0.1 M with varying 
surfactant ratio. For each surfactant ratio, salinity was scanned to determine the 
optimum formulation where equal amounts of oil and water were solubilized in the 
middle phase microemulsion. Benzene was used in this study as the oil. Thus the 
height of each phase in the middle phase microemulsion was measured after 
equilibrium to determine the phase volumes [30].  
Microemulsion formulations of surfactant mixtures with various oils. 
Surfactant mixtures were studied using combinations of lecithin, SPL-O and JBR. The 
ratio of lecithin to SPL-O was kept constant at 1/1 by weight. The electrolyte 
concentration was fixed at 0.9 w/v % for most experiments since this is the maximum 
salinity concentration that does not cause irritation in human cosmetic and 
pharmaceutical products.  The JBR concentration was varied for each lecithin 
concentration to delineate the transition between the different microemulsions types. 
For limonene and IPM, fish diagrams were constructed based on the varying lecithin 
concentration with varying JBR concentration. For decane and hexadecane, the 
lecithin/SPL-O concentration was fixed at 4/4% wt. and the JBR concentration was 
varied. The resulting interfacial tension values were measured with each oil. All these 
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phase studies were performed at room temperature of 23 ± 1 oC, except for those with 
IPM, which were also done at 10 and 40 oC. 
Interfacial Tension 
The interfacial tension value between the excess oil and excess water phases 
was measured using glass capillary tubes and a spinning drop tensiometer (Model 500 
purchased from the University of Texas). The capillary tube is 2 mm in diameter and 
has a volume of 300 µl. The tube was filled with the excess water (the denser phase), 
and then 1-5 µl of the excess oil (the less dense phase) was injected into the aqueous 
solution to form a droplet [31]. The filled tube was then placed in the spinning drop 
tensiometer and the oil droplet size was measured. 
Detergency Test 
 Detergency test was performed using a model 7243 Terg-O-Tometer US 
Testing machine (USA Testing Co., Inc., Hoboken, NJ) and ASTM standard D3050-
98, “Standard Guide for Measuring Soil Removal from Artificially Contaminated 
Soils” [32]. Fabrics were cut into 3x4 in. pieces and artificially stained by immersing 
in a chloroform solution containing 20% by volume of hexadecane dyed with 200 ppm 
of oil red O. The stained fabrics were then dried under a ventilated hood [33, 34]. 
Detergency tests were conducted at an agitation speed of 120 rpm and room 
temperature with 20 minutes of washing with 1 L of surfactant formulation solution, 
followed by two rinse steps with deionized water: the first rinse was for three minutes 
and the second rinse was for two minutes [35]. Each detergency experiment was done 
in triplicate. The post wash fabrics were hung to dry overnight prior to determining 
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detergency efficiency, which was calculated based on the reflectance of the prewash 
and post wash stained fabrics. The reflectance was measured at 520 nm using the Ultra 
Scan Sphere Spectrophotometer (Hunter Lab). The detergency (%) was calculated 
based on the following equation: 
         Detergency (%) = [(A – B)/(Co – B)] x 100                            (5.1) 
where A is the average reflectance of the soiled fabrics after washing, B is the average 
reflectance of the soiled fabrics before washing and Co is the average reflectance of 
the unsoiled fabrics before washing [33]. For comparison purposes, a commercial 
liquid laundry detergent was also studied (2x Ultra Tide, manufactured by Procter & 
Gamble, Co., total active surfactant of 27.5% (P & G MSDS)). 
 
Results and Discussions 
Sophorolipid hydrophilicity/hydrophobicity 
 To access the hydrophilicity/hydrophobicity of the sophorolipid surfactant, we 
studied the optimum salinity of sophorolipids with benzene and compared it with that 
of conventional synthetic surfactants SDHS and SBDHS. Figure 5.3 plots the 
optimum salinity (S*, the salinity at which the optimum formulation is obtained) for 
each surfactant mixture as a function of molar fraction of JBR, which is the common 
surfactant in all surfactant mixtures. It is observed that for all four surfactants studied, 
increasing the JBR mole fraction increases the optimum salinity for the mixture. Prior 
to further discussing the results presented in Figure 5.3, it is helpful to introduce the 
Winsor R-ratio concept. The Winsor R-ratio is defined as follows: 
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where ACO and ACW indicate the interaction between the surfactant adsorbed at the 
interface with the oil phase and water phase, respectively [36]. For R < 1, the water-
surfactant interaction is stronger than the oil-surfactant interaction while the opposite 
is true for R>1; thus, systems with R <1 form Type I microemulsion system and 
systems with R > 1 form Type II microemulsion system. At R = 1, the water-
surfactant and oil-surfactant interactions are balanced and optimum formulation (Type 
III microemulsion) is formed. A change in a tuning parameter such as salinity or 
temperature will result in a change in at least one of the interactions [37]. For example, 
as the salinity increases, the interaction between surfactant and water or ACW will 
decrease and thus the R ratio will increase; as a result, a phase transition from Type I 
to Type III may occur. Another way of explaining the effect of salinity on the phase 
transition is that, as the salinity increases, the surfactant system becomes more 
hydrophobic and the surfactant-oil interaction increases, resulting in an increase in the 
R ratio. Therefore, for a given oil phase, a more hydrophilic surfactant system will 
require higher salinity to increase the R ratio to 1. In other words, the optimum salinity 
will be higher when using more hydrophilic surfactants to form microemulsions. 
The Winsor concept can be used to interpret the trends observed in Figure 5.3. 
For any given molar fraction of JBR, the optimum salinity decreases in mixture with 
other surfactants in the following order: SDHS, SBDHS, SPL-P and SPL-O. Since 
JBR is the common surfactant in all mixtures, for a given molar fraction of JBR, the 
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optimum salinity value is dependent on the hydrophilicity/hydrophobicity of the other 
surfactant in the mixture. At 100% JBR, S* is at its highest (6.5%), indicating that 
JBR is the most hydrophilic surfactant among the surfactants studied. 
 
 
Figure 5.3. Optimum salinity (S*) for varying fraction of rhamnolipid in mixtures with 
SDHS (♦), SDBHS (■), SPL-P (▲) and SPL-O (×) in microemulsion formulation with 
benzene. Total surfactant concentration is kept constant at 0.1 M for all mixtures and 
surfactant ratios.  
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alone (no JBR), but the other surfactants require JBR to be present in order to form an 
optimum microemulsion. Higher molar fractions of the other three surfactants 
(SBDHS, SPL-P, SPL-O) results in only Type II microemulsions or no 
microemulsions because these surfactants are too hydrophobic for benzene and/or they 
form mesophases (e.g., liquid crystals) rather than microemulsions.  
The optimum salinity values for mixtures of JBR with SPL-P and SPL-O show 
very similar results, which is expected due to the similarity in these surfactants (they 
differ only by two carbons in the tail). However, the optimum salinity of their mixture 
with JBR is an order of magnitude lower than that of SBDHS, which is in the same 
order of magnitude as that of SDHS. From this study, it can be concluded that 
sophorolipid biosurfactants are hydrophobic surfactants. In the following studies of 
microemulsion formulation, SPL-O was used throughout and abbreviated as SPL. 
Effects of temperature and salinity on IPM-based biocompatible microemulsions 
 Changes in temperature or salinity are important considerations in 
microemulsion applications such as cosmetics and drug delivery [30]. Therefore, we 
studied the phase behavior of IPM-based biocompatible microemulsions at three 
temperatures (10, 25 and 40 oC – Figure 5.4A) and at two electrolyte levels (0.9 and 
4% w/v – Figure 5.4B)) to evaluate the change in phase behavior of IPM-based 
microemulsions with these parameters. The phase behavior changed from Type II to 
III to I with increasing JBR/Lecithin weight ratio as observed in Figures 5.4A and 
5.4B. At low JBR/lecithin weight ratios, Type II microemulsions were observed, 
indicating that the surfactant system has a Winsor R > 1; this suggests that the 
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interaction between the surfactant and the oil phase (ACO) is stronger than that 
between the surfactant and the water phase (ACW). As the JBR/lecithin weight ratio 
increases (the amount of JBR in the mixture increases), the Winsor parameter ACW 
increases and the ACO  decreases due to the hydrophilic nature of JBR. This causes a 
transition from Type II to Type III microemulsions when the ACO and ACW values are 
balanced (R = 1). Further increases in JBR in the surfactant mixture cause the ACW 
parameter to dominate and the R ratio becomes less than 1, causing Type I 
microemulsions to form.
 
 With changing temperature the phase diagrams show only a slight change (see 
Figure 5.4A). All three types of microemulsions were produced at all three 
temperatures. However, the window of the middle phase microemulsions (Type III) at 
10 oC is slightly narrower than that at 25 oC and 40 oC, which are very similar. This 
trend can be interpreted from the fact that at higher temperatures (i.e., 25 oC or 40 oC), 
the ionic surfactant becomes more hydrophilic, and the system requires a lower 
concentration of hydrophilic surfactant rhamnolipid to form a middle phase 
microemulsion [20]. As a result, the JBR to lecithin weight ratio decreases and the 
Type III window is narrower at 10 oC. In general, nonionic surfactants, SPL in this 
case, is affected by temperature to a greater extent than ionic surfactant [19]. 
However, the sugar head of SPL makes it less temperature-sensitive since the sugar 
head group hydration has been shown not to change significantly with temperature 
[38, 39]. This explains why the overall behavior of the IPM-based microemulsions is 
virtually temperature-insensitive. 
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Figure 5.4. Phase behavior diagrams for biocompatible IPM-based microemulsions at 
different formulation conditions: (A) Effect of temperature (10 oC, 25 oC and 40 oC) 
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and (B) Effect of electrolyte concentration (0.9% and 4.0% w/v). Microemulsions 
were prepared at Lecithin/SPL weight ratio = 1/1. 
Figure 5.4B presents the effect of electrolyte concentration on the phase 
behavior of IPM-based microemulsions. As the electrolyte concentration increases 
from 0.9% to 4.0%, the JBR to lecithin weight ratio slightly increases but the window 
of middle phase microemulsion (Type III) almost doubles due to the increasing 
hydrophobicity of the formulation at higher salinity. 
 The study of temperature and salinity effects thus indicates that 
Lecithin/SPL/JBR microemulsions are not significantly affected by changing 
temperature and electrolyte concentration, making these systems desirable in cosmetic 
and drug delivery applications. 
 
IPM-based vs. Limonene-based biocompatible microemulsions 
Figure 5.5 shows the phase diagram of IPM and limonene microemulsions 
using the biocompatible formulation of lecithin/SPL/JBR. It can be seen that the 
optimum JBR/Lecithin weight ratio is lower for IPM than limonene which is expected 
since IPM is the more hydrophobic oil (EACN of 13 versus 6 for limonene). As the oil 
becomes more hydrophilic, it requires more hydrophilic component in the formulation 
to balance the interaction between oil-surfactant and water-surfactant to form middle 
phase microemulsion [20]. Further, as the oil becomes more hydrophobic, the total 
surfactant concentration necessary to achieve a single phase microemulsion (Type IV) 
increases [20]. From Figure 5.5 we see that limonene, the less hydrophobic oil, 
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requires less total surfactant concentration to form Type IV single phase 
microemulsion, making its applications more economically viable. 
  
Figure 5.5. Phase behavior diagram for IPM and Limonene microemulsions at 25 oC, 
JBR/Lecithin weight ratio = 1/1, 0.9% w/v NaCl. 
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due to its hydrophilicity compared to the other three oils. For the same reason, the JBR 
to lecithin weight ratio is higher for limonene microemulsions. Ultralow interfacial 
tension (< 0.1 mN/m) was produced for microemulsions of all oils (Figure 5.6). These 
low IFT values are especially desirable in a wide variety of applications such as 
cosmetics and hard surface cleaners (limonene), cosmetics and pharmaceuticals (IPM) 
and detergents (hexadecane). The ultralow IFT values of lecithin microemulsions with 
hexadecane were also reported by Shinoda et al. [40]. 
 
Figure 5.6.  Interfacial tension and microemulsion for four different oils: limonene (♦), 
IPM (■), decane (∆) and hexadecane (×). Formulations were prepared with 
Lecithin/SPL concentration of 4/4% w/v and 0.9% w/v NaCl. 
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Detergency performance on hexadecane removal using biocompatible formulation 
 To investigate the potential application of our biocompatible formulation 
(Lecithin/SPL/JBR) in detergency application, we performed detergency tests with 
this formulation and hexadecane. We chose hexadecane since it has been used in 
hydrophobic oily soil detergency tests [33, 42]. The detergency performance of our 
formulation was also compared to that of a commercial detergent (CD), namely liquid 
Tide.  
 In our detergency tests, total surfactant concentration was prepared at a range 
of concentrations (0 to 2000 ppm or 0.2% w/v) with formulation of Lecithin/SPL/JBR 
= 1.0/1.0/0.3 by weight ratio and 0.9% w/v NaCl. The concentration of CD was also 
prepared at the same surfactant active concentration range without electrolyte. Figure 
5.7A shows the comparison of the detergency power for hexadecane removal at 
different total active concentrations of our formulation and the commercial liquid 
detergent (CD). Detergency performance increased as the total active concentration 
increased for both our formulation and the CD (Figure 5.7A) while the opposite trend 
was observed for dynamic IFT (Figure 5.7B). At all total active concentration, our 
formulation achieved higher detergency than CD. The highest detergency obtained 
with our formulation was 66 ± 1.8% at 1000 ppm or 0.1% w/v (IFT = 3.4x10-3 mN/m) 
while only 47 ± 4.3% (IFT = 2.6 mN/m) detergency was obtained with CD. The IFT 
values of prewash solutions against hexadecane are lower with our formulation than 
with CD. Detergency was found to be inversely proportional to IFT value for both our 
formulation and CD. This relationship was also found in other studies [41, 42]. 
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Figure 5.7. Detergency performance (A) and dynamic IFT (B) of our formulation vs. 
commercial detergent at different total surfactant active concentration. Our 
formulation has Lecithin/SPL/JBR = 1.0/1.0/0.3 by wt. ratio and 0.9% w/v NaCl.  
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Our detergency results are comparable to those reported by Tongcumpou et al. 
[42]. However, our formulation has desirable properties in terms of lower total active 
concentration and lower electrolyte concentration as compared to Tongcumpou [42]; 
for example, the same detergency power (~ 65%) was achieved at 0.1% w/v total 
active concentration and 0.9% w/v electrolyte concentration with our formulation as 
with 0.25% w/v total active concentration and 5% w/v electrolyte concentration with 
the formulation of Tongcumpou [42]. In addition, within the studied range of total 
surfactant active concentrations for household application, our formulation produced 
much better detergency performance than the commercial liquid detergent for 
hexadecane removal. 
 
Conclusions 
In this work, we compared the hydrophobicity of sophorolipid biosurfactants 
with conventional synthetic surfactants and rhamnolipid biosurfactant by evaluating 
the optimum salinity resulting from phase behavior study of these surfactants. 
Sophorolipid biosurfactants were found to be more hydrophobic than all the other 
surfactants and thus acted as the hydrophobic component in surfactant mixtures with 
lecithin and rhamnolipid in microemulsions with a range of oil EACNs and oil types.  
 We also evaluated the phase behavior of biocompatible microemulsions of 
lecithin/rhamnolipid/sophorolipid biosurfactant mixture at varying temperature and 
salinity as well as their potential applications in cosmetics, drug delivery and 
detergency. The phase behavior of these biocompatible microemulsions did not 
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change significantly with changing temperature and electrolyte concentration. They 
also formed microemulsions and produced ultralow IFT for all studied oils. Their 
detergency power on hexadecane removal was found to be better than commercial 
liquid detergent at the same surfactant active concentration and comparable with other 
reported formulations in literature at much lower total surfactant active concentration. 
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CHAPTER 6 
Conclusions 
This chapter summarizes the knowledge gained from each section of this 
dissertation and highlights some significant findings from this work. The overall 
purpose of this dissertation is to explore the properties of biosurfactants and their 
ability to formulate microemulsions with a wide range of oils and to discuss the 
potential use of biosurfactants in replacing conventional synthetic surfactants in 
practical applications. 
Chapter 2 evaluated the hydrophilicity/hydrophobicity of rhamnolipid 
biosurfactant based on the optimum salinity resulting from rhamnolipid-toluene 
microemulsion phase diagram. It was found that this microemulsion system possessed 
a high optimum salinity range (10-16 % w/v), which indicates that rhamnolipid was 
relatively hydrophilic. Thus, mixtures of rhamnolipid with more hydrophobic 
surfactant were needed to formulate microemulsions for more hydrophobic oils. With 
these mixtures, ultralow interfacial tension (< 0.1 mN/m) was achieved for all 
hydrocarbon oils such as hexane, decane and hexadecane. This chapter also served as 
a guideline in formulating microemulsions with hydrocarbons or mixtures of 
hydrocarbons that have different hydrophobicity. 
Chapter 3 further studied the hydrophilicity of rhamnolipid biosurfactant by 
determining the characteristic curvature (Cc) of rhamnolipid using the hydrophilic-
lipophilic deviation (HLD) model. Knowing the Cc value of rhamnolipid, we were 
able to quantitatively compare its hydrophilicity with conventional synthetic 
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surfactant. Surfactants with more positive Cc values are more hydrophobic while those 
with more negative Cc values are more hydrophilic. The Cc value of rhamnolipid 
biosurfactant was determined to be -1.41. Thus, rhamnolipid is more hydrophobic than 
sodium dodecyl sulfate (Cc = -2.34), but more hydrophilic than sodium dodecyl 
benzene sulfonate (Cc = -0.91). This finding serves as a helpful guideline when 
rhamnolipid biosurfactant is considered to replace conventional synthetic surfactants 
in microemulsion formulation.  
Chapter 4 demonstrates the feasibility of the vegetable oil extraction technique 
using diesel-based reverse-micellar microemulsions for biofuel application. Diesel-
based microemulsions were produced using environmentally friendly 
biosurfactant/biorenewable surfactant mixtures. This extraction technique was 
proposed based on the “like dissolves like” principle and the resulting product was the 
blend of diesel and vegetable oil. This blend was then evaluated for use as biofuel. The 
results showed that the oil extraction efficiency was ~ 95% with only single step 
extraction and the blending product met the requirements of biodiesel in terms of the 
viscosity, composition, cloud point and pour point. 
In chapter 5, hydrophobicity/hydrophilicity of sophorolipid biosurfactants was 
evaluated and compared to conventional synthetic surfactant and rhamnolipid. Two 
types of sophorolipids were studied, oleic acid sophorolipid (SPL-O, C18 tail) and 
palmatic acid sophorolipid (SPL-P, C16 tail). SPL-P was found to be slightly more 
hydrophilic than SPL-O, as expected. However, both sophorolipid biosurfactants 
showed higher hydrophobicity than conventional hydrophobic surfactant sodium 
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bis(2-ethyl)dihexyl sulfosuccinate. Again, this finding can serve as a useful guide in 
replacing synthetic surfactants by sophorolipid biosurfactants in microemulsion 
formulations. This chapter also demonstrated the potential properties of biocompatible 
lecithin-based microemulsions using sophorolipid and rhamnolipid biosurfactants in 
cosmetic and drug delivery applications. These biocompatible microemulsions formed 
with limonene and isopropyl myristate were found to be quite insensitive to changes in 
temperature and electrolyte concentration, making them desirable in cosmetics and 
drug delivery. In addition, the hexadecane detergency performance of these 
biocompatible formulations were investigated and found to be better than that of 
commercial detergent and comparable with other formulations reported in literature. 
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APPENDIX A 
Rhamnolipid Biosurfactant Mixtures for Environmental Remediation (Chapter 
2) 
  
Figure A1. Dynamic IFTs at 15 minutes of rhamnolipid biosurfactant at 0.01 wt% for 
four oils versus salinity 
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APPENDIX B 
Formulating Alcohol-Free Microemulsions Using Rhamnolipid Biosurfactant and 
Rhamnolipid Mixtures (Chapter 3) 
 
 
 
 
 
 
 
 
Figure B1. Relative hydrophilicity/lipophilicity of microemulsion additives 
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APPENDIX C 
Biocompatible Lecithin-Based Microemulsions with Rhamnolipid and 
Sophorolipid Biosurfactants: Potential Applications (Chapter 5) 
 
 
 
 
Figure C1. Detergency performance on hexadecane removal using our formulation 
that forms Type I microemulsions with hexadecane. 
 
Figure C2. IFT at 20 minutes of our Type I formulation against hexadecane 
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